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PREFACE TO THE ENGLISH TRANSLATION 


HELMHOLTz’s “Popular Scientific Lectures” have spread his fame 
far and wide among educated people everywhere. His great work “On 
the Sensations of Tone as a Physiological Basis for the Theory of 
Music” has long been accessible to English readers (3rd ed., 1895). 
While he was professor at Heidelberg and still a comparatively young 
man, nearly three-score years ago he composed the preface to the first 
edition of hismonumental work on light and vision, in all their intricate 
and manifold relations to each other; and already considerably more 
than a decade has passed since the publication of the posthumous third 
edition of the Phystologische Optik which was brought up to date and 
greatly enlarged under the collaboration of NAGEL, GULLSTRAND and 
v. Kriss. Yet in all these years there has been no English translation 
of this great classical treatise; and unfortunately no similar work in 
English of any kind. It is interesting to note that both Youne and 
HELMHOLTZ, the two great pioneers in Physiological Optics, started on 
their careers in the medical profession, and each of them afterwards 
gained his greatest renown in Physics. Apart from its own intrinsic 
value, the treatise on Physiological Optics is a model of scientific 
method and logical procedure that has hardly ever been excelled in 
these respects. 

The meeting of the Optical Society of America in 1921 in Rochester, 
N. Y., was made notable by the celebration of the hundredth anniver- 
sary of the birth of HetmHotTz. On that occasion it was proposed to 
commemorate this event in a more useful and substantial way by 
bringing out the long-delayed English translation of the Physiological 
Optics, and accordingly a special committee was appointed to have 
charge of this business. After due deliberation the committee decided 
that under the circumstances the third German edition was beyond 
question the one to be reproduced in English, not simply because it was 
the last and, so to speak definitive edition, but because, besides con- 
taining the original HeELMHOLTz text absolutely unchanged, each of the 
three principal divisions of the subject, namely, let us say, the physical, 
the physiological and the psychological portions, had been supple- 
mented and enriched by recent additions, all of the highest value and 
importance. This plan involved, however, a much bigger undertaking 
and much greater expense than had perhaps been contemplated at 
first. But luckily for the success of the project, there was one member 
of the committee who was determined that no obstacles should stand 
in the way; and it is literally true that without the continual advice and 
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encouragement of Mr. ApotpH Loms, the achievement would never 
have been accomplished. He was resolved at all costs that this.great 
thesaurus of physiological optics should henceforth be at the disposal 
of ophthalmologists and scientific investigators in England and 
America in their own tongue. And certainly the very existence of this 
book in English should lead to new treatises and new text-books which 
are sorely needed at present. 

The editor has received also valuable assistance from other sources 
without which he could hardly have accomplished his own task. Here- 
with appended is a list of those collaborators who have lent their aid in 
the arduous work of translation: 


R. P. Ancrer, Yale University (Volume III, v. Krizs’s Appendix, 
I., Nos. 6, 7 and 8). 

M. Dressacu, Albany Medical College (Volume II, §§22, 23, 
24 and 25). 

Harry 8. GRADLE, Chicago, Ill. (Volume III, §§27, 28). 

Davenrort Hooker, University of Pittsburgh (Volume I, §§1, 2, 
3. 4, 5, 6, 7, 12, and GuLLsTRAND’s Appendix IV). 

WituiaAM KUNERTH, Iowa State College (Volume III, §§26, 29). 

Jakxos Kunz, University of Illinois (Volume III, v. Krims’s Note 
on §31, and §§32 and 33, and v. Krims’s Appendix I., Nos. 1, 2, 
3045 5)s 

Henry Laurens, Yale University (Volume II, §§17, 18. 18A, and 
Appendices of W. Naceu and v. Kriss) 

A. Loms and H. C. Loms, New York City’ (new matter con- 
tributed by v. Kriss to Volumes II and III). 

G. W. Morritt, Frankford Arsenal (Volume III, v. Krizs’s Appen- 
dix IT). 

L. T. Trotann, Harvard University, and E. J. Watt, Wollaston, 
Massachusetts (Volume II, §§19, 20, 21). 

L. D. Wexp, Coe College (Volume I §§8, 9, 10, 11, 13, 14, and 
part of 15, Volume III, §3 except v. Krizs’s Note on this 
section). 

W. WEnIGER, Oregon State Agricultural College (Volume III, §30). 


The single object that has been kept steadily in mind throughout 
was a faithful rendition of the original, at the same time without being 
too literal and awkward. And while I believe every word has been 
carefully scrutinized, I must still hope that the indulgent critic will be 
disposed to overlook many shortcomings. At the same time I wish 
it to be clearly understood that the editor, and the editor alone, assumes 
all responsibility for the version as it stands. He has had to exercise 
the right of revising the preliminary manuscripts without returning 
them to the various collaborators for their approval. 
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In no sense is this work a new edition of the Physiological Optics. 
Nevertheless, it does contain some new and original material of distinct 
value, notably as follows: 1. A chapter on Ophthalmoscopy by Pro- 
fessor GULLSTRAND, taken by his permission from his book entitled 
Einfihrung in die Methoden der Dioptrik des Auges des Menschen 
(Leipzig, 1911), which is inserted at the end of the first volume; 
2. Several special contributions prepared by Professor v. Krizs, which 
will appear at various places in the second and third volumes; and 
finally, 3. An article by Dr. Curistine Lapp-FRANKLIN on her colour 
theory and related matters, which will be found at the end of the second 
volume. Here and there throughout the entire work the editor and his 
associates have ventured to insert a few explanatory footnotes and 
occasional, more or less haphazard, references to more recent literature. 
Anything like a complete bibliography in the ever-widening domain 
of this vast subject would have to be a separate task in itself and was 
manifestly out of the question here. This is something that I hope will 
be systematically undertaken perhaps also by the Optical Society of 
America; and the sooner, the better, if it is ever to be done at all. The 
additional footnotes are indicated by the sign § prefixed to them; in 
each instance the initials of the responsible writer being appended in 
parentheses at the end. 

With a few necessary modifications now and then, the plates and 
illustrations have been reproduced from the original copper plates 
purchased directly from the German publishers. The latter, by the 
way, together with Professor GuLLSTRAND and Professor v. Krizs, 
have cooperated in the most friendly and helpful way to make the 
English edition in every way worthy of its handsome prototype. This 
is also true of the American printers, who, as will be seen, have spared 
no pains to make the book useful and suitable from every point of view. 

To my friend and colleague Mr. C. L. TRELEAVEN I am under many 
obligations for assisting me in reading the proof-sheets. My wife 
has likewise aided me in this labour. And, last, but not least, let me 
inscribe here, magna cum laude, the name of Miss RuTH TowNseEND, 
who has diligently copied the entire manuscript thus far, besides taking 
time to perform some of HELMHOLTz’s experiments as she went along! 

As these lines are being written, the first volume is about ready to 
be issued from the press, and the manuscript of the second volume is 
now in the hand of the printers. I trust the entire treatise in three 
volumes will be completed before the end of another year. 

James P. C. SoUTHALL 

Department of Physics, 

Columbia University, 


New York, N.Y. 
June l 1924 


PREFACE TO THE FIRST EDITION 


The first section of this treatise appeared in 1856, the second in 
1860, and the third partly at the beginning and partly toward the 
close of 1866. The long interval that elapsed before the publication of 
the final instalment was due in part to outside influences (two changes 
of residence and occupation involving other scientific undertakings) 
and partly also to internal causes. Of late years the theory of visual 
perceptions has been the subject of much investigation and has just 
begun to develop its rich contents and the absorbing interest which it 
possesses. It might be a fair question to ask whether it is now indeed 
quite feasible to carry out the general plan of this book and of the 
encyclopedia to which it belongs and to bring even to a preliminary 
conclusion a work which treats of this youthful and at the same time 
effervescing field of knowledge. However, owing to the peculiar 
nature of this domain of science, it is hardly to be expected that a final 
answer can be very soon given to some of the questions that are still 
debatable. The whole region is closely entangled with physiological 
problems of the utmost difficulty, and moreover the investigators who 
can make advances are necessarily limited, because they must have 
long practice in the observation of subjective phenomena before they 
are qualified to do more than see what others have seen before them. 
Unless a person is duly cautious about this kind of experimental work, 
he may have to pay for it afterwards by some impairment of his 
eyesight. The result is that just here where psychical processes inter- 
vene there appears to be much greater room for individual peculiarities 
than in other regions of physiology. 

Finally, however, an effort had to be made to introduce law and 
order in this region and to rid it of the curious contradictions which 
have heretofore impeded progress. I have proceeded on the convic- 
tion that law and order even if they are not fundamentally sound are 
better than contradictions and lawlessness. Accordingly, I have 
taken as my guide the principle of the empiristic theory as expounded 
in §§26 and 33 concerning which I am persuaded more and more, the 
longer I ponder over it, that it is the only safe guide through the laby- 
rinth of the facts known at present. Along this route other pioneers 
have already preceded me whose labours, perhaps in consequence of 
a certain predilection for direct mechanical explanations that are 
characteristic of the materialistic tendency of the day, have on the 
whole not won such favour as they probably deserved. The reason 
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for this may be due to the fact that my predecessors have always been 
busy with single chapters in the theory of the visual perceptions, and 
their opinions, to be of weight, should be placed in the right perspective 
with respect to the whole subject. I have been at much pains to 
develop this connection completely. 

The inconveniences resulting from not waiting to publish the 
entire work before the appearance of the two earlier portions I have 
endeavoured to remedy by collecting the recent literature on the 
subject in a supplement and calling attention at least briefly to the 
most important facts that have been ascertained since the publication 
of the first parts of this book. Fortunately, none of these new observa- 
tions have necessitated any essential modification of the previous 
conclusions and opinions. 

As far as possible and with the means at my command, I have tried 
to follow the literary plan of the encyclopedia for which these volumes 
were intended. The more recent literature will be found to be fairly 
complete; but the earlier writings I have frequently had to compile 
from secondary sources and cannot guarantee their accuracy. The 
execution of a really trustworthy history of physiological optics 
would be of itself an undertaking that would demand the time and 
strength of an investigator over a long period of years, and such a work 
would hardly be worth the labour until the science itself was in a much 
maturer state than it is at present. 

In the preparation of this treatise the chief aim which I have had in 
view has been to verify all the fairly important facts by the evidence of 
my own eyes and by my own experience. Those methods of observa- 
tion which seemed to me the most reliable have been selected always 
for description, and if they are sometimes different from those of the 
original investigator, I hope no one will suppose that these variations 
are introduced without purpose and merely for the sake of novelty. 

I trust that competent judges will bear in mind the difficulty and 
intricacy of the problem to be solved when they are disposed to find 
fault with the book which is here submitted to them. 

H. HELMHOLTZ 


Heidelberg, December, 1866 


PREFACE TO THE THIRD EDITION 


The first edition of HERMAN von HeLMHoLtTz’s Treatise on Physi- 
ological Optics, which was published in 1866, has long been out of 
print, and even the second edition published in 1885 is no longer to 
be found in the bookshops. The demand for the book has not ceased 
and will not cease for a long time to come, for no new treatise has 
superseded Hrtmuo.tz’s work. Containing in its scope such a 
wealth of material presented in the simplest and clearest fashion, the 
“Physiological Optics” bears the stamp of-a genuinely classical treatise 
which will always retain its value, even if new investigations lead to 
some modifications here and there of the points of view which HELm- 
HOLTZ himself entertained. 

To preserve a work of this character for the sciertific world and for 
the book-trade is not simply a pious duty of mere historical value but 
is also a practical service in a very real sense. And so when the pub- 
lishers announced that a new edition was needed and appealed to me 
to undertake it, I was glad to codperate with them, although I was 
aware of the enormous difficulties which were necessarily involved. 

It was obvious from the outset that the mere reproduction either 
of the first or of the second edition without any changes whatever 
would not be satisfactory at all. Undoubtedly, for a long time to come 
a new impression of the original text would be found to be valuable 
and useful. And yet in view of the wealth and significance of much of 
the new material of research, it seemed as if it might be a matter of 
almost universal regret if there were no reference to it whatever, whereas 
by taking some account of recent progress in this domain of science 
the value of the entire work might be essentially enhanced. If a new 
edition along these lines appeared practicable instead of simply a new 
impression of the original text, evidently this was the best solution. 
Of course, I had to admit that an adequate revision of the entire work 
was probably beyond the power of any single individual and certainly 
beyond my power. But this difficulty was quickly disposed of in the 
most satisfactory way when Professor GuLLSTRAND and Professor 
von Krixs consented to join me in the enterprise and to edit the 
parts on the Dioptrics of the Eye and the Visual Perceptions, respect- 
ively; thus leaving me free to devote my labours exclusively (except 
for certain essentially technical problems) to revising the second part 
of the book, which is concerned with the subject of the Visual Sen- 
sations. 


Preface to the Third Edition xi 


The principal difficulty thereafter was to decide on the nature and 
plan of the revision. It was immediately apparent that we could not 
hope to satisfy every desire in this respect. However, this problem 
also was soon clarified and settled by consultations among the editors 
themselves and also with the publishers and Madam ELuen v. 
SIEMENS, neé v. HELMHOLTz, who represented the author’s heirs. All 
were unanimously of the opinion that a revision in the sense of pro- 
ducing an entirely new work in which the text of the original was 
freely employed was out of the question. Undoubtedly, such a pro- 
cedure might have resulted in a uniform, well rounded work which 
would be useful for reference. But this is exactly what HELMHOLTz 
meant when he spoke of an editor who had become so completely 
merged and, as it were, melted in his work as to have lost all identity 
of his own. A compilation of this sort may indeed be desirable one of 
these days, but that is for future times to determine. At present (we 
were all agreed on that point) the time was not ripe for this. The 
significance of HELMHOLTz’s own views is still too great to suffer what 
he wrote and his mode of presenting these ideas to be submerged and 
more or less obliterated by being restated and re-edited. The facts and 
problems of physiological optics as they appeared to HELMHOLTz 
should be still accessible for general information on this subject. 

Under the circumstances there was nothing else to be done but to 
preserve the text of the original work intact, and at the expense of a 
certain unity and uniformity in the work as a whole to limit the revision 
to supplementary chapters. The unavoidable disadvantage of this 
method will be less evident wherever such additions are substantially 
in harmony with the author’s own views and opinions and appear 
therefore as a sort of super-structure on the basis of his ideas. How- 
ever, the circumstances of the case are found to be quite different in 
the separate parts of the treatise. In the theoretical and for the most 
part solid territory belonging to the physiology of both the sensations 
and ihe perceptions of vision, the editors considered the conditions so 
far favourable for their plan that even where it was necessary to 
record a notable advance of scientific investigation since the date of the 
appearance of the first edition of the Physiological Optics, a natural 
outcome of this kind should not involve at all an adverse attitude 
towards the theories of HetmnHoitz. It is precisely because the 
editors believe that in such questions as these it is necessary to start 
from the fundamental conceptions as HrLMHoLTz represented them 
that they decided to undertake the revision of the work. The plan of 
arrangements of the separate divisions will be explained further on. 

The decision to reproduce the original text with supplements having 
been reached, the next question was whether to use the text of the 
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first or second edition. Undoubtedly, the natural thing was to select 
the later version for this purpose. How could an editor choose to dis- 
regard any alterations or additions which had been made by the author 
himself? If, therefore, in spite of so obvious an objection, the editors 
have preferred the text of the first edition, there must have been special 
reasons that were responsible for this decision. Foremost of these was 
the consideration that the whole imperishable significance of HmLm- 
HOLTz’s achievements in the domain of the physiology of vision, the 
elegant physical methods which he adopted and improved, his pains- 
taking observations of the sensations themselves and the allied 
psychical phenomena, the mathematical analysis and philosophical 
and critical discussion, all these characteristic features are essentially 
interwoven with the first edition of the Physiological Optics. It is the 
classical work that marked the dawn of a new era in the science of the 
physiology of the senses. 

However, there was another reason also for preferring the text of 
the original edition. Curiously enough the changes and additions 
which were introduced in the second edition seem to be called in 
question and discarded at present to a far greater extent than the 
contents of the first edition.* The explanation of this is hardly to be 
attributed to the fact that at the time when HELMHOLTz was at work 
on the second edition, he was diverted from the task by other absorbing 
labours and consequently could not give to physiological optics the 
same undivided strength and interest as formerly, and so had not been 
able to keep pace with the more recent developments in this domain 
of science. A sufficient answer to that is that at this very time, under 
his influence and with his collaboration, A. K6nie’s important re- 
searches were begun and had aroused his keenest interest. Through 
these investigations he had become acquainted with part of a newly 
explored region. Subsequent study of these phenomena and better 
knowledge of them placed the results in a somewhat different light 
and suggested the probability of a different interpretation. It is easy 
for us looking backwards to see now how, on account of the unfinished 
state of these researches, the beginning of the year 1890 happened to 
be a singularly unfortunate time for a new edition of the Physiological 
Optics. Thus at the present time it is not only easier but wiser to 
undertake the revision on the safe basis of the first edition instead of 
attempting to reconcile the tentative investigations in the second 
edition. This criticism applies, of course, to only one part of physi- 
ological optics; but it is the very part in which the changes in the 
second edition are most numerous. 


*It will be of interest to read the review of the second edition written by Professor 
J. McKeen Carretu and published in Science, N.S. Vol. VIII, pp. 794-796. Dec. 2, 1898. 
(J. P.C.8.) 
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Accordingly, it was decided to reproduce word for word the text of 
the first edition, including the supplements which Hetmuourz had 
added himself. With regard to the contributions of the editors, the best 
plan seemed to be to allow as much latitude as possible to each of them 
to present the subject in his own way. Occasional brief comments and 
corrections are to be found in footnotes; whereas the more extensive 
notes are placed at the conclusions of the various single sections. In 
each of the three main divisions of the work certain subjects required 
to be revised with perfect freedom and in more detail. Parts of a new 
chapter arising in this fashion may be inserted in between the sections 
of the original text and the other parts appended at the end of the 
main division. In these supplementary portions certain regions of 
physiological optics which HrELMHOLTz merely touched on or ignored 
entirely and which modern investigations have opened up for the first 
time are examined, whereas in other chapters recent theoretical views 
are presented. 

A revision of the introduction on the anatomy of the eye appeared 
to be unnecessary. H®&LMHOLTz’s treatment of this subject is a model 
of terseness and clearness and enables an ordinary reader to obtain a 
sufficient grasp of the matter; whereas a complete revision going more 
in detail would exceed the scope of the work. 

Of the three main divisions of the entire book the first one of the 
“Dioptrics of the Eye’’ required special consideration owing to the 
very considerable progress which has been made recently in the study 
of the actual image-process in optical systems as compared with the 
ordinary more or less imperfect methods of Dioptrics that have long 
been in vogue. Consequently, mere minor alterations and additions 
in the original text were not adequate here for the purpose in hand, and 
therefore it seemed better to present this whole subject from these new 
standpoints. 

While it was not to be gainsaid that a complete new treatment of 
this division was advisable for the reasons mentioned above, on the 
other hand it began to be evident very soon that this plan necessarily 
involved such a disproportionate augmentation of this part of the 
book that it had to be abandoned for a compromise. And so the 
editor of this subject has endeavoured to limit himself mainly to the 
essential facts in the region where notable advances have taken place 
and to present these modern ideas in as simple a form as possible for a 
reader who was not versed in higher mathematical analysis. An out- 
line of the new theory as a whole is given here for the first time, includ- 
ing also the hitherto unknown laws of optical imagery in media of 
variable index of refraction which could not be omitted because, first of 
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all, they are essential for finding the data of a schematic eye that will 
agree with the facts as they are now known, and also because these 
considerations are of importance in connection with the effort to sub- 
stitute a new theory of accommodation in place of HELMHOLTz’s 
theory, whereas undoubtedly this attack as well as others of a similar 
kind are to be regarded as affording new supports to the author’s 
views on this subject. 

In the region of the ‘“‘Sensations of Vision” the main question to be 
decided first of all was whether HrtmMHo.Ltz’s conception of the 
structure and action of the mechanism of colour-perception could 
still be considered as an adequate explanation of all the new observa- 
tions that have been made in the last four decades; and if not, whether 
these ideas should be discarded perhaps altogether, or, finally, whether 
it would be really profitable to introduce here additional supplementary 
hypotheses. The editor’s position on this question is that there is no 
reason whatever to abandon the fundamental ideas of the colour- 
theory which HreLMHoLTz espoused; although the assumption of the 
organization of the mechanism of colour-perception in three com- 
ponents is no longer sufficient to give an entirely satisfactory account 
of all the known facts of colour-vision. However, in the theory of the 
separate functions of the rods and cones of the retina an opportunity 
is afforded of making certain phenomena intelligible that are ignored 
in HELMHOLTz’s original statement of the retinal functions. Since 
this theory of the twofold function of the retina is fundamentally and 
essentially bound up with the differences of vision in bright and feeble 
illumination and with the so-called adaptation of the eye, a special 
chapter had, first of all, to be devoted to this subject in order to explain 
how the light-sense and colour-sense are related to the state of adapta- 
tion of the eye. The purpose of another chapter is to describe and 
estimate comparatively recent advances in laboratory methods of 
measurement of the colour-sensitivity of the eye (spectrophotometry, 
colorimetry, peripheral and flicker reactions, etc.). And, finally, a 
third chapter here treats of the abnormalities of the colour-sense as 
to their bearing on the theory of colour-vision. 

With respect to the last of the three main divisions of the treatise, 
the comprehension and explanation of the ‘Perceptions of Vision” 
will probably depend for a long time to come on personal opinions that 
are hardly open to discussion, because here we are concerned with a 
whole set of debatable propositions that cannot be submitted to 
experiment or direct observation but are determined by considerations 
of a philosophical and psychological nature. The corner-stone in 
HELMHOLTZz’s theory of the visual perceptions, the doctrine of ‘‘empiri- 
cism,’’ as he called it, has to be described by a word which in our opinion 
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begs the question, and indeed is utterly opposed to it, that is, a con- 
ception, which, while it may still be justifiable and is fundamentally 
so, being supported by the same identical facts, is nevertheless subject 
to the same doubts and difficulties now as it was forty years ago. And 
inasmuch as it was HELMHOLTz’s intention in 1894 to republish this 
‘part of the book for the second edition without any considerable altera- 
tions, it can perhaps be positively affirmed that the facts which had 
come to life meantime, supposing he was aware of them then, would 
certainly not have altered at all his main convictions on this subject. 
Under such circumstances it might therefore seem permissible to limit 
the revision of this portion of the work merely to certain simple state- 
ments of fact without attempting any explanations of the theoretical 
and fundamental questions which they involved. 

And yet a desire of presenting the opposite aspect of the matter in 
relation to a whole set of items, together with numerous other con- 
siderations which will be duly mentioned as they arise, appeared to 
make such a restriction impractical, so that at last the editor felt 
obliged to attempt a general and independent review of the fundamen- 
tal questions that are aroused by the battle-cry of “empiricism” and 
‘nativism” (or intuitionalism). To this third main division of the 
work another chapter also has been added dealing with binocular 
optical instruments, which is a subject entirely within the scope of the 
work and which indeed was discussed at some length in the original 
edition, but which of late years has received such extensive and 
important practical developments in the construction of new apparatus 
that it was deemed advisable to present the whole matter in a more 
thorough and systematic way. 

In outward appearance and mechanical execution the publishers 
have spared neither pains nor expense. The page is larger in size and 
the letter-press more agreeable to the eye. The paper likewise is better 
than it was in the former editions, and since the actual text has been 
augmented by additions considerably beyond that of the first and 
even of the second edition, it has been found necessary to issue the 
work in three volumes, as a single volume would have been entirely 
too unwieldy. Following the author’s example in the second edition, 
the illustrations have been distributed in these volumes in the places 
in the text where reference to them occurs instead of assembling them 
in plates as in case of the first edition. 

The bibliography which was prepared by Arruur Konic for the 
second edition has not been included in the present edition. It would 
certainly have needed to be brought up to date, and in that case it 
would have required a whole volume by itself. Besides, the expenditure 
of time and labour would have been out of proportion to its value, 
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since nowadays good journals are available containing periodical lists 
and abstracts of the literature of the subject, notably, for example, 
the “Zeitschrift fiir Psychologie und Physiologie der Sinnesorgane’”’ 
which was started by A. K6nic himself and is specially devoted to the 
physiology of the senses. 

The bibliographies of the first edition (together with those con- 
tained in the supplements) have been retained as containing references 
to early investigations in physiological optics which otherwise might 
be difficult to trace. The citations in the new parts of the work will 
be found in footnotes. 

For convenience of reference and comparison with the two preced- 
ing editions, the corresponding page numbers of the first edition are 
given at the top of each page, as was done in the second edition. In 
place of these numbers, the contributions of the various editors, 
GULLSTRAND, Vv. Krigs and NaGgL, are indicated at the top of the 
page by the initial letter of the author’s name, G., K: or N. The 
editors’ comments in the footnotes are indicated in the same way. - 

A portrait of H. v. HELMHOLTz will appear as a frontispiece of the 
next volume that is issued. 

W. NAGEL 
Rostock, September, 1909 


The first volume of the third edition of the ‘Handbuch der physi- 
ologischen Optik” appeared in 1909. The next volume to be issued 
was the third dated 1910; which was followed by the second volume 
in 1911. 


PREFACE TO THE SECOND VOLUME 


With the appearance of the second volume the new edition of the 
Physiological Optics reaches its completion, later and differently from 
what was anticipated when the work was begun. Professor W. A. 
NaGeL to whom was entrusted the revision of the second volume 
suffered an accident late in March, 1910, which developed into a severe 
illness resulting in his death. When his work was interrupted he had 
completed the revision of the original text together with the minor 
additions thereto. Of the new chapters which were to be included in 
this volume the first one on Adaptation, Twilight Vision and Duplicity 
Theory had likewise been written and printed and the first proof of it 
corrected. When it became necessary to entrust the completion of 
the work to other hands, the publisher begged me to undertake the 
task; and I have complied with this wish not without many misgivings 
but influenced finally by the fact that my personal relations with 
NaGEL made me acquainted with his views in the main, and since my 
opinions were not materially divergent from his at any point I was 
perhaps in the best position to continue what he had already begun 
and to bring it to a conclusion to some extent as he had intended. 
The task was indeed all the more difficult for me because NaGEt had 
already planned the remaining chapters in detailed fashion (as in- 
dicated by numerous preliminary memoranda) but except for a very 
summary outline had not prepared any formal manuscript on the 
subject. Here therefore I was obliged in the main to follow my own 
judgment. On the other hand with respect to the first of the new 
chapters, apart from the fact that it had already been put in type as 
stated above, it was due to the author and his memory not to alter 
that materially. It may therefore very well be that the disadvantages, 
to some extent unavoidable in the whole work, a certain lack of unity 
and perhaps also of completeness, will be more apparent in this volume 
than in the first and third volumes. Should this be the case, the special 
difficulties incident to the change of editorship may be alleged by way 
of explanation and excuse. 

The alphabetical index of subjects for all three volumes will be 
found at the end of this volume; and likewise a few corrections. 

v. Krizs 
Freiburg, April, 1911 
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Anatomical Description of the Eye 


§1. General Structure of the Organ of Vision 


The eyes of animals may distinguish only light from darkness or 
may perceive form as well. 

1. Distinguishing only light and darkness. This is probably the 
case in the “eyespots’” of the lowest forms of animal life (annelids, 
intestinal worms, starfish, sea-urchins, jelly-fish, infusoria, etc.). The 
only essential for this purpose is a nerve sensitive to light, the peri- 
pheral end of which lies exposed to the exterior under a transparent 
covering. In most cases, the peripheral end of this nerve is surrounded 
by pigment of one colour or another and is thus rendered visible. How- 
ever, it has not been ascertained whether all pigmented “eyespots’’ in 
the lower animal forms actually serve for the perception of light. On 
the other hand, the reactions to light of some lower animals without 
“eyespots” force us to the conclusion that nerves, sensitive to light 
but unaccompanied by pigment, may be present in transparent 
animals, though an investigator has no way of recognizing them. 

2. Distinguishing not only light and darkness, but form as well. The 
ability to do this requires an apparatus of separate nerve fibres in order 
to perceive light coming from separate luminous points. It is no 
longer necessary for each nerve fibre to receive light rays from all parts 
of the environment, but only from one small portion of it. Thus to each 
individual nerve fibre corresponds a certain field of vision, and con- 
sequently it is possible to distinguish which elementary fields of vision 
of the entire area perceived contain luminous bodies and which do not. 
The smaller the size of each single field of vision and the larger their 
total number, the more minute will be the portions of surrounding 
bodies which may be perceived. In the highest development of the 
organ of vision, the size of these separate elements becomes imper- 
ceptibly small in proportion to that of the total field. The require- 
ment for clear vision in such an organ might be expressed by saying, 
light coming from a single illuminated point in the environment must 
fall only upon a single point of the nervous substance or retina that is 
sensitive to light. 

The subdivision of the light coming from different parts of the 
environment is brought about either (1) by means of funnel-shaped, 
opaque septa (the composite eyes of invertebrates), or (2) by the 
refraction of light at curved refracting surfaces (the simple eyes of 
invertebrates and the eyes of vertebrates). 
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There is no sharp line of demarcation between eyes which perceive 
only light and darkness and those which also perceive form. Even in 
the lowest forms of animal life, the layers of pigment surrounding the 
light-sensitive nerves are so arranged that light can fall only on the 
exposed sides at the ends of the fibres. By moving its body, an animal 
with such eyespots would be able to ascertain from which direction 
most light comes, in very much the same way as a human being 
determines the direction of radiant heat by means of his cutaneous 
sensation or as a patient with an entirely opaque crystalline lens is 
able to make out the position of a window in a room. The pigment 
layers of the eyespots are thus seen to have a very important function. 
In forms such as the leeches and planaria, in which a transparent, 
spherical or conical body lies in front of the nervous substance, different 
parts of the retina may be impressed in different degrees by light 
coming from different directions. From this type there occurs a 
gradual differentiation of structure through the simple eyes of crusta- 
cea, arachnids and insects (which usually have something on the 
order of a lens and vitreous humor beyond the cornea) to those of the 
molluses and especially of the cephalopods, whose eyes are quite like 
those of vertebrates. That clearness of vision in such eyes is, in 
general, directly proportional to their linear dimensions, may be 
inferred because the miscroscopical elements of animal tissues, espe- 
cially those of the nervous system, are more or less of the same size in 
all classes of animals, and also because clearness of vision is essentially 
dependent upon the number of individual receptive elements present, 
which must be approximately proportional to the extent of the pos- 
terior surface of the vitreous humor of the simple eye. 

Compound eyes occur in crustacea, where they often appear as an 
aggregate of conically elongated simple eyes. They are best developed 
among insects. Their outer surface is somewhat spherical and often 
composes more than one-half or even as much as two-thirds of the 
surface of a sphere. At the centre of the sphere lies a club-shaped 
swelling of he optic nerve, from which fibres run out radially in all 

: directions towards conically shaped and 
radially arranged vitreous bodies. The 
bases of these latter are turned towards 
the cornea, which generally presents on 
its outer surface a rather flat, six-sided or 
four-sided facet for each cone, whereas on 
the inner surface it often has lens-like 
swellings. The individual transparent cones 
are separated from one another by the funnel-like pigment layers 
which surround them. The accompanying illustration (Fig. 1), taken 


cw 
Fig. 1. 
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from Jou. MULuER,! represents a number of such cones from the eye 
of a nocturnal butterfly. The facets of the cornea are indicated by 
the letter a, the transparent cones by }, the fibres of the optic nerve 
by c, and the pigment between them by d. 

If each cone were provided with only one nerve fibre, the field of 
vision would be divided only into as many parts as there were cones. 
Recently, however, Gorrscnz? has demonstrated that an optical 
image of objects in front of the eye is thrown on the inner ends of the 


Fig. 2. 


cones. Consequently, if a number of perceptive nerve elements were 
present, there might be still another subdivision of individual impres- 
sions in each cone. If there were only one nerve element for each cone, 
the refraction of the light would still have a functional significance, 
because light falling parallel to the axis of the cone is concentrated on 
the end of the nerve fibre, and that from other adjacent points in the 
field of vision is prevented from reaching it more effectively by this 
means than by septa. 

1 Zur vergleichenden Physiologie des Gesichtssinnes. Leipzig 1826. S. 349. Taf. VIT. 


Fig. 5. 
2J. Muiuprs Archiv. fiir Anat. u. Physiol. 1852. S. 483. 
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Fig. 2 represents a horizontal section of the human eye magnified 
five times. The eyes of vertebrates are similar to the human eye in 
all important features. These eyes contain the following transparent 
elements: 

1. The aqueous humor in the anterior chamber of the eye B. 

2. The crystalline lens A. 

3. The vitreous humor C. 

These are enclosed by three concentrically situated systems of mem- 
branes or tunics. 

1. Thesystemof the retina (i) and Zonula Zinnit (e) which directly 
surrounds the vitreous humor and is attached in front to the lens A. 

2. Thesystem of the wvea, which consists of the choroid (chorioridea) 
(g) (indicated by the heavy black line), the ciliary body (h) and the 
iris (b). It surrounds the preceding systems together with the lens, 
and has but one opening, the pupil, situated in front of the lens. 

3. The hard capsule of the eyeball, which, over the greater part of 
its posterior surface, consists of the opaque white sclerotica, and over 
the smaller anterior part, of the transparent cartilaginous cornea. 
In the living eye, one sees between the eyelids the anterior portion of 
the sclerotica (the white of the eye) and, behind the transparent convex 
cornea, the brown or blue ring-shaped iris, in the middle-of which is 
the pupil. 

The line passing through the middle of the cornea and the centre 
of the whole eye is known as the ais of the eye, because around this 
line the eye is practically symmetrical. A plane perpendicular to the 
axis through the widest part of the eyeball is called the equatorial 
plane. 

In the following paragraphs a description will be given of the 
separate parts of the eye, which however will include only such details 
as are requisite for explaining the functions of the eye.! 


The principal reference works on the comparative anatomy and physiology 
of the eye are: 


J. Mitier, Zur Physiologie des Gesichtssinnes. Leipzig 1826. S. 315. 

R. Wacner, Lehrbuch der vergleichenden Anatomie. 1835. 

J. Mtuier, Handbuch der Physiologie des Menschen. Coblenz 1840. Bd. II, 8. 305. 
R. Waener, Lehrbuch der speziellen Physiologie. 1843. S. 383. 

v. SiepoLp und Srannivs, Lehrbuch der vergleichenden Anatomie. Berlin 1848. 


Brromann und Lruckart, Anatomisch-physiologische Ubersicht des Tierreichs. Stuttgart 
1852. 


1 {The description of the anatomy of the eye given in the next six sections is not only 
brief, as the author implies, but also in many respects inaccurate according to our present 
knowledge, as will be occasionally pointed out in footnotes. (D. H.) 
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The following give good descriptions of the structure of the human eye: 


Tu. SOmMERING, Abbildungen des menschlichen Auges. Frankfurt a. M. 1801.—In Latin also. 

C. F. Tu. Krause, Handbuch der menschlichen Anatomie. Hannover 1842. Bad. I, T. II. 
8. 511—551.— Contains also earlier literature on the anatomy of the eye. S. 733-745. 

E. Bricker, Anatomische Beschreibung des menschlichen Augapfels. Berlin 1847. 

W. Bowman, Lectures on the parts concerned in the operations on the eye and on the structure of 

“the retina and the vitreous humour. London 1849. 

A. K6uiikEer, Mikroskopische Anatomie oder Gewebelehre des Menschen. Leipzig 1854. 
Bd II, 8. 605.—More recent literature also, S. 734-736. 

DusarvDin, Remarques sur certaines dispositions de l’appareil de la vision chez les insectes. 
C. R. XLII, 941. Inst. 1856, 194. 


§2. Sclerotica and Cornea 


The sclerotica of the eye (cxdnpér, tunica albuginea, sclerotica dura, 
tough membrane) encloses the greater part of the eyeball, controls its 
form and protects it from external injury. Its outer form is distinctly 
different from that of a sphere; the posterior side being quite flattened, 
while along the equator it is a little indented above and below and on 
the right and left sides by the pressure of the rectus muscles of the eye. 
In between these four places it bulges considerably. In most individ- 
uals the greatest diameter of the eyeball passes from a point on the 
upper nasal side to one on the lower temporal side. In front the 
sclerotica passes over into the very convex cornea; at the back a little 
toward the nasal side, it is perforated for the passage of the optic 
nerve (nervus opticus), (Fig. 2; d), and is here continuous with the 
fibrous covering of the latter. The sclerotica is thicker both in front 
and behind than it is at the equator of the eye, as shown in the figure. 
The anterior thickening is caused by the attachment of the tendons 
of the motor muscles of the eye to the sclerotica and their fusion with 
it. The place of insertion of the internal rectus is at m, and that of 
the external rectus is at n. 

The sclerotica is composed of fibrous tissue. It is white, only 
slightly translucent, flexible and quite inelastic. It may be classed 
with the collagenous substances on the basis of its chemical composi- 
tion. Microscopically, it consists of a very dense felt-work of con- 
nective tissue fibres, which in the main run parallel to the surface, 
thereby making it possible to split the tunic. in imperfect layers. 
Between these, as in other tendons, lies a network of very delicate 
elastic fibres which show thickenings containing nuclear remnants at 
those places where their cells of origin were once located. 

The cornea is set into the anterior margin of the sclerotica and has 
the general shape of a very convex watch-glass. Its anterior surface 
closely approximates the form of a segment of a prolate spheroid 
generated by the revolution of an ellipse around its axis major. The 
end of this axis lies at the centre of the cornea. The shape of the 
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posterior surface is not definitely known. In adults the cornea is 
somewhat thinner in the middle than at the periphery. 

The cornea consists of the following layers from the outside 
inwards: 

1. An epithelium,! composed of stratified, flat cells of horny con- 
sistency (pavement epithelium), indicated in the figure by the broken 
line f. It is continuous with the conjunctiva of the eyelids. The 
anterior surface is kept smooth and moist by a continual flow of tear 
fluid. 

2. The fibrous layer of the cornea (Substantia propria corneae)? is 
the thickest of them all and is left white in the figure. Its chemical 
composition places it among the cartilages, as on boiling it gives 
chondrin. It consists of a felt-work of fibres similar to those of the 
sclerotica except that the fibres are united in flat bundles lying parallel 
to the surface of the cornea; and hence the cornea also may be divided 
in imperfect layers. In the adult the cornea contains no blood vessels. 
However, between the bundles of fibres, there is a system of branched 
nucleated cells resembling undeveloped elastic tissue as found in 
many organs rich in connective tissue. It is possible that these cells 
may carry on the necessary exchange of fluids for the nutrition of the 
substance of the cornea. The substance of the cornea appears to be 
entirely transparent by ordinary illumination. However, if con- 
siderable light is concentrated by a convex lens on a point of the 
cornea, it appears cloudy, as the amount of light reflected by the 
surfaces of its microscopical components becomes sufficient to be 
visible under these conditions. 

3. The posterior homogeneous membrane (Membrana Descemett, 
Membrana Demoursii, etc.) is a structureless, transparent, fragile 
membrane, 0.007 to 0.015 mm in thickness. It rolls up when separated 
from the cornea. It resembles elastic tissue’ in its resistance to the 
action of boiling water, acids and hydroxides. On the surface next the 
aqueous humor, it bears a layer of large polygonal epithelial cells,‘ 
indicated by the dotted line on the inner surface of the cornea (Fig. 2). 

The plane of union between cornea and sclerotica is not perpen- 
dicular to the surface of the eyeball, but passes inwards and backwards, 

1 |The corneal epithelium (conjunctiva) is composed of about five rows of cells; one row 
of cylindrical cells, the basal cells; two rows of polyhedral cells in the middle layer; and the 
external layer of two rows of flattened cells. (D. H.) 

2 {The anterior homogeneous membrane or membrane of BowMaN is now regarded 
as the second layer of the cornea, the substantia propria being the third. (D. H.) 

3 qSasse (Zur Chemie der Descemet’schen Membran, Unters. d. physiol. Inst. Univ. 
Heidelberg, Bd. 2, 1879) has demonstrated that the tissue of the anterior and posterior 


homogeneous membranes is not identical with elastic tissue. (D. H.) 


‘ {This layer is usually considered as a separate layer, the endothelium of the cornea. 
(D. H.) 
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the sclerotica overlapping on the outer surface, the cornea on the inner. 
On the inner surface the margin of the cornea forms a fairly regular 
circle. On the outer surface, on the contrary, it appears to be a 
horizontal oval, as the sclerotica overlaps it above and below more 
than on the sides. At this plane of union, the fibres of the cornea are 
directly continuous with those-of the sclero- 
tica. 

The membrane of Drscremet, however, 
acts quite differently at the border of the 
cornea. <A cross-section of this region is 
shown in Fig. 3, where the sclerotica is 
marked S, the cornea C, its external epithe- 
lium c, passing over into the conjunctiva D, 
and the membrane of Drescemretd. Fromf a 
network of elastic fibres arises between the 
membrane of DrescEeMET and the substance of 
the cornea, while the former appears to end 
abruptly at this point. By the separation of 
this layer of elastic fibres from the sclerotica 
and its fusion with the lamella a, the canal of 
ScHLEMo is formed further back. This is a 
ring-shaped canal situated at the boundary 
between cornea and sclerotiga. Laterally it is 
bounded by the sclerotica, but its medial wall consists of elastic tissue 
in front and of fibrous tissue behind. To this inner wall the muscular 
portions of the uvea are attached. The canal of ScHLEMM appears to 
carry blood. 


Although measurements of the dimensions of the eye are of the greatest 
importance in physiological optics, many difficulties are usually involved in 
executing them, in the first place because the form of the entire eyeball and 
of its individual parts varies greatly in different eyes, and, secondly, because 
after death the eye undergoes many changes. The individual variations are so 
great that the averages of observations on different eyes should be used only 
with great caution. For the determination of exact and accurate results, all 
important measurements must be made on the same eye. 

The external form of the eyeball is determined by the pressure of the fluids 
which it contains. Immediately after death a majority of its blood vessels 
empty themselves, which naturally produces a diminution in the pressure. 
The volume of the fluids inside the eye gradually becomes reduced still further 
by endosmotic paths, so that the eyeball becomes flaccid and the tunics, 
especially the cornea, become wrinkled. Either measurements on the form 
of the eyeball must be made on very fresh eyes, or the pressure must be 
artificially restored, as Britcxn! did, by passing a canula through the optic 
nerve and connecting it with a vertical tube containing a column of water 
about 0.4 m in height. These methods suffice for the measurement of the 
different diameters of the eyeball, but in order to measure one of the most 


1, Bricker, Anat. Beschreibung des menschl. Augapfels. Berlin 1847. S. 4. 
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important optical elements of the eye, the convexity of the cornea, it is not 
sufficient merely to restore the pressure approximately. The radius of curva- 
ture at the vertex of the cornea becomes greater in direct proportion to the 
pressure, as the writer has found by a method of measurement described 
below. The reason of this is probably to be found in the fact that a membran- 
ous covering which contains fluid must approach more and more the form of a 
sphere in proportion as the internal pressure of the fluid increases, because for 
a given superficial area a sphere has the greatest volume. When this happens 
in the eye, the constriction between the cornea and the sclerotica must be 
pushed out and as a result the cornea becomes less convex. 

Under these circumstances it is evidently an essential requirement to 
determine all the more important dimensions of the eyeball as far as possible 
by measurements of the eyes of living persons. 

The earlier measurements of the eye were usually made with compasses. 
C. Krause, who carried out a very extensive system of measurements, 
measured the external dimensions of the eye with this instrument. Then he 
cut the eyes in half along a line which had been previously marked out, using 
a razor to section the cornea, iris and lens, and cutting the sclerotica with 
scissors. Next he laid the halves in a bowl full of egg-albumen solution with 
the cut surfaces just below the surface of the fluid. Thus he measured the 
dimensions of the cross sections partly with compasses, partly with a barred 
glass micrometer in the ocular of a microscope of low magnification, and 
partly with a glass ruled in squares which he laid upon the surface of the fluid. 
He had many opportunities of using very fresh eyes. The external measure- 
ments of the sclerotica obtained from these may be considered as thoroughly 
reliable, but the convexity of the cornea, which depends upon the pressure of 
the fluids, must have been greatly altered in the sectioned eyes. 

Krausr’s table for the form of eight eyeballs is appended below. No. I 
is that of a drowned man 30 years old; No. IT is the right eye of a man 60 years 
old who died from having his throat cut; Nos. III and IV are the left and right 
eyes of a man 40 years old who was hanged; Nos. V and VI and Nos. VII and 
VIII are the left and right eyes of two men, 20 and 21 years old, respectively, 
both of whom were executed by the sword. The measurements are given in 
Paris lines.? 


Axis of the eye Diameter 
No. ae perpendicular diagonal 
ope larger smaller 
outer inner were outer inner outer inner 
ug 10.9 9.85 10.9 10.8 9.9 11.25 10.3 
Il. 11.05 10.0 10.3 9.4 11.1 10.2 11.05 
1 10.7 9.8 10.7 10.5 9.6 ll 10.2 10.6 
IV 10.5 9.5 10.6 10.3 9.5 10.9 10.1 10.7 
1 V 10.8 9:55 10.9 10.55 9.6 11.3 10.35 11 
VI 10.8 9.55 11 10.6 9.45 11.3 10.2 Ee 
1 VII 10.65 9.4 10.75 10.3 9.45 10.75 9.6 10.75 
VIII 10.65 9.45 10.75 10.3 9.15 10.9 9.75 10.7 


Bricks has made measurements on eyes which were distended by a water 
pressure of 4 decimetres. He maintains that the axis of the eyeball varies 
between 23 and 26 mm, the greatest horizontal diameter between 22.8 and 
26 mm, and the greatest vertical diameter between 21.5 and 25 mm. 


1] Paris line=2.2558 mm. N. 
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C. Krause compares the inner convexity of the sclerotica with the surface 
of an ellipsoid of revolution. The axes which he has calculated and his results 
concerning the thickness of the cornea and sclerotica at different points are 
given in the following table. 


Thickness of the Sclerotica Semi-axes of the 
along the at the at the ellipsoid of the | Thickness of the 
No. optic axis | equator corneal | posterior corneal cornea 
border surface 

major | minor | centre | edge 

I 0.55 0.45 0.35 5.12 4.45 0.4 0.5 

II 0.5 0.35 5.05 4.15 0.35 0.5 

1 Ill 0.45 0.4 0.35 §.12 4.23 0.4 0.5 
IV 0.5 0.4 0.3 5.07 4.41 0.4 0.45 
} Vv 0.65 0.4 0.3 5.14 4.58 0.5 0.55 
Vi. 0.65 0.5 0.3 5.05 4.43 0.48 0.55 
} Vil. 0.55 0.5 0.4 5.05 4.41 0.53 0.63 
VII. 0.6 0.5 0.4 4.93 419 0.5 0.62 


C. Krausr’s measurements of the form of the cornea have been omitted, 
because his method does not appear to the writer to be sufficiently trustworthy 
in such an important matter. It may be observed that he pronounced the 
anterior surface of the cornea to be spheroidal and the posterior surface to be 
that of a paraboloid of revolution near its vertex. In the case of several cor- 
neae examined by the writer the thickness in the middle half of the cross 
section was found to be nearly constant and increased rapidly only near the 
periphery, so that in the middle of the vault the two surfaces appeared to be 
almost concentric. 

Kouravuscu attempted to measure the radius of curvature of the cornea 
in the living eye by determining the size of the reflex image init. For purposes 
of examination, the patient sat on a very masssive stool with a high back. 
His head was held by a special apparatus so that he could be comfortable and 
passive at the same time. He fixed his eyes on a little white spot in the centre 
of the objective of a Kepimr telescope placed two to three feet away. The 
telescope was directed towards the eye in such a manner that the white spot 
lay in the same horizontal plane as the vertex of the cornea. Two fine threads 
were stretched parallel to each other in the focal plane of the ocular. These two 
parallel lines could be moved nearer together or farther apart by means of a 
screw. On either side, and in the same horizontal plane, a light was placed 
whose rays fell upon the eye through a round opening in a small screen and 
were reflected from the cornea in such a manner that two small images of the 
luminous points were seen through the telescope. When the threads were 
exactly aligned on these images, a finely divided rule was placed in front of the 
eye and the separation of the images in the cornea read off on it. The radius of 
the cornea may be approximately calculated from the follov/ing data: (1) the 
amount of separation of the images, (2) the distances of the eye from the 
openings in the screen and from the centre of the objective, and (3) the dis- 
tance between the two points last mentioned. 

Koutrauscu obtained an average of 3.495 Paris lines (7.87mm) for 
measurements on twelve eyes, the smallest value being 3.35, the highest 3.62. 
The probable error of the individual observations was calculated as 0.02 
Paris lines. 

By asimilar, but not accurately described method, Senrr determined not 
only the radius of curvature, but also the ellipticity of the cornea, his results 
being given in the following table. 
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Radius of | Square 


curvature | of the Axis Axis a 
at vertex |eccentricity} major minor 
Right eye. Vertical 7.796 0.1753 9.452 8.583 3.6° 
Right eye. Horizontal 7.794 0.2531 10.435 9.019 2.9° 
Left eye. Vertical 7.746 0.4492 11.243 8.344 162 


SrnrF calls the angle between the vertex of the ellipse and the end point 
of the axis of the eye the angle a. In the vertical section the vertex of the 
ellipse lies below the end point of the axis of the eye, and in the horizontal 
section it is situated more outwards. Apparently what Senrr means here 
by the ‘‘axis of the eye’’ is the line which is hereafter defined as the “visual 
axis” (Gesichtslinie) of the eye. 

In making these measurements the greatest difficulty is to keep the 
patient’s eye and head steady. In any method in which images are measured 
and in which it is necessary to read the mark on ascale which corresponds to 
one edge of the corneal image and then to read that which coincides with the 
other edge, even the slightest movement of the head from side to side between 
the two readings will add to or subtract from the size of the image as meas- 
ured. Accordingly, the author has constructed an instrument whereby it is 
possible to make these and other measurements of the eye accurately and 
quite independently of small movements of the head, and which ‘is therefore 
called an ophthalmometer, although it may be advantageously used also for 
making many other measurements besides, especially measurements of 
optical images. 

If an object is observed through a glass plate with plane parallel faces, 
which is held obliquely to the line of vision, it will be seen in its natural size, 
but shifted slightly to one side. This displacement increases as the angle is 
diminished between the direction of the rays of light and the surface of the 
plate. The ophthalmometer is essentially a telescope, adapted to vision at 
short distances, having two glass plates placed close together, in front of its 
objective. They are so adjusted that over one half of the objective, the 
observer sees through one plate, and over the other half through the other 
plate. If the two plates are in a plane perpendicular to the axis of the tele- 
scope, only a single image of the object in question will be seen. If, however, 
both plates are rotated a little in opposite directions, the single image will be 
divided into two images, whose distance apart will increase with the angle 
through which the plates are turned. This separation of the twin images may 
be calculated from the angles which the plates make with the axis of the tele- 
scope. If the two images of a line which is to be measured are so adjusted that 
they just touch at their ends, the length of the object-line is equal to the 
distance between a pair of corresponding points of the two images and may be 
calculated from it. 

The instrument itself is shown in Fig. 4 in vertical section and in Fig. 5 in 
horizontal section, one-half actual size. The rectangular box B,B,B2B, con- 
taining the adjustable glass plates is attached to the end of the telescope A 
next the object-glass. In Fig. 4, the side wall of the box has been removed and 
all parts in the lower half are drawn as though sectioned in the middle vertical 
plane. The base of the box is formed by a strong rectangular frame, shown in 
Fig. 4, running around the box; and to it thin brass plates are fastened to 
form the walls, as may be seen in Fig. 5. Conical holes are drilled in the 
middle of the horizontal portion of the frame, in which the axles CC of the 
two plates rotate. Outside the box each axle has a cylindrical disc d which is 
graduated in degrees on the curved surface. Ata there is a vernier scale reading 
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to tenths of a degree. Inside the box, each axle carries a toothed wheel ee 
and a metal frame g in which the glass plate f is fastened. The frame of each 
plate has only three sides, the side turned towards the other glass plate being 
missing. The two glass plates constituted originally a single plane parallel 


Fig. 4. 


plate. A complete metal frame was made for this plate and fastened between 
the surfaces of the two toothed wheels. Then the axles were rounded off on a 
lathe and finally the frame was cut through in the middle. The glass plate 
was cut through in the same manner, and each half fastened in its correspond- 
ing half of the frame. Thus an exact adjustment of the positions of the plates 
on the two axles was accomplished. The toothed wheels are moved by the 
sprockets c; and cy which are rigidly connected with the axles bic; and bece. 
Moreover, each of these axles has a x P 
sprocket h in the middle. If the Va = 
knob at 6; is turned, the lower 
toothed wheel controlling the lower 
glass plate will be moved by means 
of the sprocket c;. Furthermore, 
the sprocket h, engages with the 
sprocket he and rotates the second 
axle bec by an equal amount in the 
opposite direction. As a result of —— === 
this the sprocket cz acts upon the a rs A LEG 
upper toothed wheel connected with 
the upper glass plate and turns it 
through an angle almost as large as that of the lower plate. The rota- 
tion of each plate is measured by the graduated discs attached to the axles 
on the outside of the box. 


Y 


el) 


Ny! GB 


Fig. 5. 
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It is necessary to employ two plates which are rotated at approximately 
the same angle because the images of the object viewed through the plates 
will not only be displaced laterally, but will also be brought a little nearer 
together. If the amount of this approximation is unequal for the two images 
of the same object, the telescope cannot be focused exactly on both simul- 
taneously. 

The objective of the telescope is composed of two lens-systems k and 1. 
The achromatic doublet k is used by itself when the telescope is to be focused 
on a distant object. Its double convex crown glass lens, as usual, is turned 
towards the object. On the other hand, when the object is very close, a single 
lens-system does not give a good image, because it is designed to concentrate 
parallel rays at a point. Hence, the writer has inserted a second achromatic 
doublet 1, with its crown glass lens turned towards the other doublet. If now 
the object is in the first focal plane of this second system, the rays that issue 
from it will be bundles of parallel rays, which in turn will be concentrated by 
the first system at its second focal point. Thus sharper images are obtained. 
In the writer’s own instrument the focal lengths of k and / are 6 inches and 16 
inches, respectively. The telescope is supported on an upright ” in which a 
cylindrical bar fits so that the instrument can be turned and at the same 
time raised or lowered. The telescope itself is fastened to this bar by a hinge 
joint 7. Thus the axis of the telescope can be pointed in any direction. And, 
finally, the box with the glass plates can be turned around the end of the 
telescope. 

Let us proceed now to show how the shifting of the images may be found 
from the angle of rotation of the glass plates. 

In Fig. 6 A1A1A2A_ represents one of the glass plates; and the straight 
lines @1¢1, ¢1C2, and C2@2 show the path of a ray which traverses it. The normals 
to the two faces at entrance and emergence are bicid2 and be¢ed1, respectively. 
The angle of incidence bic:a1, which is equal to the angle beced2, is marked a, 
and the angle of refraction d2ci¢2, which is equal to cicedi, is marked 8. The 
thickness of the plate is denoted by h. The luminous point ai appears to an 
eye below the plate to lie in the prolongation of asco backwards. If x denotes 
the length of the perpendicular aif drawn from a; to the prolongation of the 
emergent ray, this distance x will be the apparent lateral shifting of the 
luminous point. Now 

T=C1Co.8in ZCicof 


cos 6 
ZCiCof = Z dy6of — ZdyC0C1 
sr ieee 
ap n(a—8), 


cos6 
The angle a is measured by the instrument. The thickness of the glass plate 
h must be known, as well as its index of refraction n with respect.to air. Then 

sin a=n.sin @ 
from which 6 may be calculated, and then all the factors for computing the 
value of x are known. If two rotatable glass plates are used, as in the instru- 
ment above described, the separation E of two luminous points, whose images 
have been superposed, will be twice as great as x; that is, 
B=2752 (a—B). 

; cos B 
Lacking other ways of doing it, the magnitudes denoted by n and h can be 
ascertained by measurements made with the instrument itself, by finding the 
angle through which the plates have to be turned to superpose each division of 
an accurate scale on the next following division or on every second or third 
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division, etc. In this way a series of cor- 
related values is obtained for x and a, 
from which h and n may be calculated by 
a suitable process of elimination. If 
many observations are to be made, it is 
well to prepare a table for # for every 
degree from 0° to 60°.! 

‘The same adjustment of the double 
images that is found for a rotation of a 
degrees occurs also for a rotation of —a 
and likewise for (180°—a) or (a—180°). 
In order to eliminate errors in the disc 
scale and in the parallelism of the faces 
of the glass plates, it is advisable to repeat 
each measurement in these four positions 
and to take the average of the four results 
thus obtained. 

One of the most important advantages Fig. 6. 
of the ophthalmometer is that the linear 
magnitude of the apparent distance of its double images is independent of 
the distance of the object, so that it is not necessary to know the latter in 
order to make the measurements. 

If the instrument described is used for the measurement of a corneal 
image, small movements of the head of the subject do not introduce a dis- 
turbing factor, inasmuch as both images will always move in the same way, and 
their relative positions will not be altered. If at the same time the object 
which is responsible for the corneal image is far enough away, so that small 
movements of the head are negligible in comparison with its distance, the size 
of the image also-will not be noticeably affected by these movements, and the 
head can be kept steady enough by providing an easy support for the chin. 

A bright window may be chosen as object for the image in the cornea. If 
the parallel boundaries of two images of such a bright surface are adjusted in 
contact in the ophthalmometer, the eye of the observer will be quite sensitive 
to any overlapping or separation of the two images, which will be noticeable 
at once in virtue of a white or black line between the two uniformly illuminated 
fields. On the other hand, a scale placed far enough away from the eye may 
be used as object if one of its divisions is marked by a small lamp and another 
preferably by two such lamps placed close together. The measurement in this 
case consists in adjusting one of the images of the single lamp midway between 
that of the pair of lamps. This method of adjustment is capable of great 
accuracy, as has been observed by BrssEu in the measurement of stellar 
parallaxes with the heliometer. 

The calculation of the radius of curvature of the cornea is very simple 
provided the reflex image as measured is relatively small in comparison. In 
this case the size of the object is to its distance from the eye in the same ratio 
as the size of the image is to half the radius of curvature; so that the latter 
may then be calculated from this proportion. The ellipticity of the cornea 
may also be determined in this way, by measuring the size of the reflex image 
in each position of the eye when, by appropriate variations of the point of 
fixation, the eye is made to turn through successive known angles, both later- 
ally and vertically. Thus the various values of the radius of curvature over 
the different parts of the cornea are calculated first of all, whence are computed 
the elements of the ellipsoid which the cornea approximately resembles in 
form. 


1 In the first edition h occurs here instead of H, evidently an error in the manuscript 
or a typographical error. N. 
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Appended below are the elements of the horizontal sections of the cornea of 
three women between 25 and 30 years of age, with whose eyes a series of 
measurements were made by the author. 


Designation of the Eye O.H. iB. BP: Jenks 
Radius of curvature at the vertex............ 7.338 7.646 8.154 
Square of the eccentricity.................-. 0.4367 0.2430 0.3037 
Semrcaxistmajoreyrc errr ae terman see nace 13.027 10.100 11.711 
Semi-axis MINOL. A. -f-s,< rss. 2b oh syana sia en tee 9.777 8.788 9.772 
Angle between axis major and visual axis..... 4.19’ 6° 43’ 1735" 
Horizontal diameter of the area. ............ 11.64 11.64 12.092 
Distance of the vertex from the base......... 2.560 2501 2.511 


The centre of the anterior surface of the cornea in aJl three of these eyes 
corresponds almost exactly with the vertex of the ellipse. The visual axis 
lies on the nasal side of the forward extremity of the axis major of the corneal 
ellipsoid. 

Measurements of the eyeball will be found in the following: 


1723-30. Prtit in Mem. de l’Acad. des sciences de Paris. 1723. p. 54.—1725. p. 18.— 
1726. p. 375.—1728. p. 408.—1730. p. 4. 

1738. Jurin, Essay upon distinct and indistinct vision. p. 141 in Smrtx’s Compleat 
System of Optics. 

1739. Hexsuam, Course of Lectures on Natural Philosophy. London 1739. 

1740. Wintrincuam, Leperimental Inquiry on some parts of the animal structure. 
London, 1740. 

1801. Tx. Youna, Philos. Transact. 1801. p. 23. 

1818. D. W. Sormmerrine, De oculorum hominis animaliumque sectione horizontali. 
Gottingen 1818. p. 79*. 

1819. Brewster in Edinburgh Philos. Journal. 1819. No, I. p. 47. 

1828. G.R.Treviranus, Beitrége zur Anat. und Physiol. der Sinneswerkzeuge. Bremen 
1828. Heft I. 8. 20*.—This work contains a summary of the results of earlier 
investigators. 

1832. C. Krausr, Bemerkungen iiber den Bau und die Dimensionen des menschlichen 
Auges, in Mecxets Archiv. fiir Anatomie und Physiol. Bd. VI. 8S. 86* (Description 
of the methods and measurements in two eyes.) Extract from this in Poaqgrn- 
porFrs Ann. XXXI. §. 93*. 

1836. C. Krause in Poacrenporrrs Ann. XXXIX. S. 529* (Measurements of 8 
human eyes). 

1839. Koutrauscx tiber die Messung des Radius der Vorderfliche der Hornhaut 
am lebenden menschlichen Auge, in Oxrns Isis. Jahrg. 1840. S. 886*. 

1846. Srenrr in R. Waaners Handwérterbuch der Physiol. Bd. III. Abt. 1. Art.: 
Sehen. S. 271*. 

1847. E. Britcxn, Beschreibung des menschl. Augapfels. S. 4 and 45*. 

1854. H. Hetmuourz, in Graures Archiv. fiir Ophthalmologie. II. 8. 3. 

1855. Sappry, Gazette medicale. No. 26, 27. 

1857. Arut, Archiv. f. Ophthalmologie. III, 2. S. 87. 

1858. NuNNELEY, On the organs of vision. London. p. 129. 

1859. J. H. Knapp, Die Kriimmung der Hornhaut des menschlichen Auges. Habilita- 
tionsschrift. Heidelberg 1859. Also: Arch. f. Ophthalm. VI, 2. S. 1-52. 

1860. Muryerrsrein, Beschreibung eines Ophthalmometers nach Heumuourz. Poa- 
crnDorrrs Ann. CXI. 8. 415-425, and Henze u. Preurers Zt. XI. 8. 185-192. 
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1861. v. JAcEr, Uber die Einstellung des dioptrischen Apparates im menschlichen Auge. 
Wien. 

1864. R. Scuyrsxe, Uber das Verhiltnis des intraocularen Druckes zur Hornhaut- 
kriimmung. Arch. f. Ophthalm. X, 2. 8. 1-46. : 


§3. The Uvea 


The tunica uvea' derives its name from its resemblance to a dark 
grape from which the stem has been removed. The opening for the 
stem corresponds to the pupil. The dark colour of this tunic is produced 
by the layer of pigment cells on its inner surface and in its stroma. 
The uvea is attached to the sclerotica in two places, namely, in the 
rear at the entrance of the optic nerve (Fig. 2, d) and in front at the 
inner wall of ScHLEMM’s canal a. The portion marked abba, which 
is the iris, lies in front of and within this latter line of attachment, right 
behind the cornea. The posterior portion, which lies in contact with 
the inner surface of the sclerotica, is called the choroid (chorioidea). 

The choroid, composed chiefly of blood vessels bound together by 
a characteristic connective tissue, forms a thin, dark membrane in the 
posterior portion of the eyeball. KOLuiikmr considers this connective 
tissue to be undeveloped elastic tissue. It consists of branched cells, 
some of which are pigmented, having very finely divided processes 
which are felted together. This peculiar stroma binds the arteries and 
veins of the choroid together beneath the sclerotica.? Inside this layer 
lies the looser layer of capillary vessels (membrana chorio-capillaris), 
which in turn is covered by the pigment cells on the surface towards 
the retina. These pigment cells form a single layer towards the 
posterior part of the choroid, but become stratified‘ towards the ciliary 
body. Their nuclei are to be seen usually as a lighter area between 
the black pigment granules. In Fig. 7 a 
(copied from K6LLIKER) a surface view of fe] [*) 
these cells is shown at a and a side view at b. re) 
The pigment granules, which are small, 
flattened and rod-like, 0.0016 mm in length, ane 
are shown at c. These granules may be de- : 
stroyed by chlorine and potassium hydroxide. 

In front, the ciliary muscle (tensor chorioideae, musculus BRUCKIAN- 
us) is attached to the outer surface of the choroid, while the ciliary proc- 


Fig. 7. 


1 Tunica wea (uva, L., a grape), uveal tract, more frequently termed tunica vasculosa, 
includes the tunica chorioidea (Choroid from Greek chorion, meaning a membrane, formerly 
spelled chorioid), the ciliary body and the iris. (D. H.) 

2 {The tunica choroidea is usually divided into three layers, from without inwards: 
lamina suprachorioidea, lamina vasculosa, lamina choriocapillaris. (D. H.) 

34The pigment cells, which are the sole derivatives of the outer layer of the optic cup, 
are, in consequence of this fact, now considered the outermost layer of the retina. (D. H.) 

4 {This is an error. The retinal pigment cells are not stratified at any point, though 
they may appear so in oblique sections. (D. H.) 
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esses (processus ciliares) arise from its inner surface. They are plaited and 
contain a network of blood vessels. The section in Fig. 2 is represented 
as passing through a ciliary process c on the left side, while on the right 
side it passes between two such processes, so that there only the 
ciliary muscle h is visible. The fibres of the ciliary muscle originate 
at the inner wall of ScutEMm’s canal where the elastic and collagenous 
tissues unite (at a in Figs. 2 and 3); whence they extend backwards 
along the external surface of the choroid and are inserted in this 
membrane. The fibres of this muscle are of the so-called visceral type, 
such as we find in most of the involuntary muscles. They are provided 
with longitudinally oval nuclei and are not cross-striated. BruicKe, 
who discovered this muscle, maintained that it stretched the choroid 
(together with the retina and hyaloid membrane closely attached to it 
at-g) over the vitreous humor. Donpmrs, on the other hand, supposes 
that the choroid constitutes its fixed point of origin, and that it stretches 
the elastic part of the inner wall of ScHLEMm’s canal and consequently 
pulls the base of the iris backwards. Both of these actions probably 
occur together (see §12). 

The ciliary processes are membranous folds of the choroid, which 
lie in the meridional planes of the eye. They are from 70 to 72 in 
number. They arise in the neighbourhood of the anterior border of the 
retina! (Fig. 2, g), imereasing in height as they pass forwards and 
attain their greatest height near the external edge of the lens. From 
this point their height rapidly falls off, and their anterior extremities 
blend with the posterior surface of the iris. Their projecting sharp 
boundaries are often free from pigment and stand out as white lines 
when the ciliary region is viewed from behind’ through the vitreous 
humor. The ciliary processes contain a large number of blood vessels 
bound together by a stroma similar to that found in the choroid. 

The iris, the most anterior part of the tunica uvea, forms a movable 
diaphragm for the eye. It arises in common with the ciliary muscle 
at the inner wall of ScHLEMm’s canal at the posterior edge of the fibrous 
portion and is bound to the elastic portion of this inner wall (Fig. 3, b) 
by a network of elastic fibres which run freely through the aqueous 
humor. These elastic fibres form the ligamentum iridis pectinatum. 
Thence the iris extends medially to its pupillary margin, lying on the 
anterior surface of the lens, and consequently is slightly arched in 
front. It contains smooth muscle fibres, forming two muscles: 

1. The pupillary sphincter (musculus contractor sive sphincter 
pupillae), surrounds the pupillary margin in the form of a ring about 
1 mm wide. It lies in front of the pigment layer, but behind the chief 
nerves and vessels passing to the pupillary margin. Its fibres run in 

1 GAt the ora serrata. (D. H.) 
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concentric circles and so decrease the size of the pupil by their con- 
traction. 

2. The dilatator of the pupil (musculus dilatator pupillae). The 
fibres of this muscle originate in the inner wall of ScHtEMM’s canal and 
perhaps also in the fibres of the ligamentum pectinatum. They proceed 
to the posterior surface of the iris, bound together in a network passing 
medially to lose themselves in the substance of the sphincter. 

The stroma of the iris is connective tissue. It is covered behind by 
the layer of pigment cells and in front by epithelium. This stroma 
frequently contains pigment cells, in which case the colour of the iris is 
brown. In their absence from the stroma, this semi-opaque medium 
in front of the dark posterior pigment cells causes the iris to appear 
blue. 

The arrangement of the blood vascular system of the tunica uvea. 
is very characteristic. As already indicated, the vessels make up the 
greatest portion of the mass of this coat. Its arteries (arteriae ciliares 
posticae breves, for the choroid and ciliary processes; arteriae posticae 
longae and anticae, for the iris) enter through the sclerotica, and 
communicate with the veins not only through a fine capillary network, 
as elsewhere in the body, but also through rather large connecting 
vessels which arise in the arteries of the choroid in delicate, fan-like 
arches and reunite to enter the veins (venae vorticosae). The arteriae 
ciliares posticae breves, about 20 small twigs, penetrate the sclerotica 
on its posterior surface, and branch dichotomously as they pass 
forwards. One portion pours blood through a capillary network which 
lies on the inner side of the choroid to supply the retina and the other 
supplies the veins through the wide communicating vessels of the 
venae vorticosae. Some of these veins (vasa vorticosa) leave the eyeball 
at its equator, and others (venae ciliares posticae) at the posterior 
portion of the sclerotica. Most of the branches of these arteries, 
however, pass forwards into the ciliary processes and form there a 
vascular network, from which recurrent branches pass into the anterior 
arches of the vortices. The vascular net of the iris receives some trib- 
utaries from that of the ciliary processes, but gets the greater volume 
of its blood supply through special vessels. Some of these penetrate 
the sclerotica at the back (arteriae ciliares posticae longae) and run 
forwards between the choroid and the sclerotica as far as the ciliary 
muscle, while others penetrate in front (arteriae ciliares anticae). 
These vessels form two anastomosing or interlacing vascular circles, one 
on the peripheral border of the iris (circulus arteriosus iridis major), 
the other near the pupillary margin (circulus arteriosus tridis minor). 
The iris is thickest over the latter and has a bulge on its anterior sur- 
face at this place. 
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In an uninjured eye the iris is visible through the cornea. Refraction 
causes it to appear nearer the cornea and therefore more convex than it 
actually is. On the other hand, if the eye of a cadaver is placed under water 
(which has approximately the same index of refraction as the aqueous humor), 
refraction is almost abolished, and then the iris appears but slightly convex 
in its natural form and position. In order to obtain a correct image of the iris 
of the living eye, J. Czmrmax? invented an instrument called the orthoscope. 
For all practical purposes it is a small box with glass walls which is used in 
such a manner that the eye to be examined forms its back side. Having been 
applied to the eye, it is then filled with water. “The 
instrument illustrated in Fig. 8 has a bottom feb, and 
a side wall gab, placed next the nose, both made of 
sheet metal. Their free edges are shaped to fit the 
face closely. The front abcd and the side cdef are 
made of flat glass plates. In order to make the edges 
against the face water-tight, CzprmMak recommended 
- placing kneaded bread-crumbs on the face and pressing 
the rim of the instrument into them. The eye being 
shut at first, water from 29 to 33° C is poured into the box and the eye opened. 
Seen from the side, the cornea appears as a transparent, convex bladder, while 
the iris is seen to be an almost flat curtain across its base. 

In this method there might be some doubt as to whether the form of the 
iris were not changed a little either by the refraction between the cornea and 
the water or by that between the cornea and the aqueous humor. A correct 
knowledge of the form and position of the iris is very important for the theory 
of the accommodation of the eye. Therefore, other methods of examination 
will be described here. An easy way of observing the iris relief is as follows: 
A light is placed a little to one side in front of the eye to be observed, and with 
the aid of a convex lens of 2-inch focus and relatively large aperture its rays 

. are concentrated on a point of the cornea, so as to form there an image of the 
source. The cornea appears opaque at the illuminated spot. The focal point 
on the cornea constitutes a new source of illumination, from which the rays 
proceed directly to the iris without further refraction. If they fall on it 
obliquely, shadows of various lengths will be seen on the iris, due to the 
thickening which contains the circulus arteriosus minor. By means of these 
shadows, the amount of the forward or backward displacement of individual 
parts of the iris may easily be determined. When this method is used, the 
iris of a myopic eye is often so flat that there are no deep shadows on it. 
In normal eyes, on the contrary, prominent shadows are found surrounding the 
pupil. If the illuminating focal point is about 1 mm from the edge of the 
cornea, the shadows will frequently extend to the peripheral edge of the iris. 

In order to realize the important fact that the iris lies close against the 
lens in the living eye, the same process may be employed, except that the focal 
point of the convex lens should be made to fall a little to one side on the 
anterior surface of the crystalline lens. Strongly illuminated in this way, 
the substance of the crystalline lens appears milky, and no shadows are cast 
by the iris. This is even better shown by the reflex from the anterior 
surface of the lens. In Fig. 9, C:C2 represents a convex spherical mirror, with 
a dark screen DE having an opening FG placed in front of it. The observer’s 
eye is supposed to be at A and a source of light at B. If the ray of light BF 
passing the edge of the aperture at F is reflected at H along the line HA, the 
eye can get no light reflected from the part of the mirror between H and C, 
except such light as may come from the dark rear surface of the diaphragm 


Fig. 8. 


1J. Czermax, Prager Vierteljahrsschrift fiir prakt. Heilkunde. Bd. XXXII. S. 154. 
1851. 
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For example, light emanating from the point K of the diaphragm will be 
reflected into the eye along JA. Therefore, the eye must see a dark area of 
the surface of the mirror 
between F and H whenever 
the edge of the diaphragm 
is not in intimate contact 
with the reflecting surface. 
The validity of this state- 
ment may be tested on any 
convex reflecting surface, 
as for example a convex 
metal knob, for which there 
has been made a suitable 
black diaphragm with C ee 2 
round opening. Only in 
case the edge of the open- 
ing lies close against the 
surface can the reflex im- 
ages of surrounding objects in the mirror reach the edge of the diaphragm. 
If, however, there is a little space between the diaphragm and the reflecting 
surface, a dark line will be seen between the edge of the opening next the eye 
and the image in the mirror. 

The surfaces of the crystalline lens also reflect some light, but not very 
much. These reflexes! may be seen when the eye is in a dark room where 
there is only one source of illumination. The light is adjusted in front 
of the eye a little to one side of the prolongation of the optical axis. The 
observer looks into the eye from the other side, in such fashion that his 
visual axis makes about the same angle with the optical axis as the incident 
rays. Near the prominent bright corneal reflex two other much fainter reflex 
images may be seen. The larger of the two is an erect, rather indistinct image 
of the flame reflected in the anterior surface of the lens. The smaller one is a 
sharp, inverted image reflected in the posterior surface of the lens. These 
reflex images are known to ophthalmologists as SANSoNn’s images. If either 
the light or the observer’s eye is moved during the examination, the position 
of the image also changes, and hence the first of these reflex images may be 
shifted voluntarily along the anterior surface of the lens to any desired spot 
in the edge of the pupil. In this case the image will always be seen without 
any black line between it and the pupillary margin on the side next the 
observer. At least, the writer has always found this to be the case under 
normal conditions without artificial dilatation of the pupil, and this fact 
unequivocally demonstrates that the pupillary margin of the iris rests against 
the lens. 

The distance from the pupillary plane to the vertex of the cornea has been 
measured by C. Krause on sectioned eyes. However, it should be borne 
in mind that the attachment of the lens to the sclerotica by means of the 
ciliary processes is not sufficiently strong to prevent considerable change of 
position in the process of sectioning. 

If the living eye is observed from the side so that the pupil is just visible 
in front of the edge of the sclerotica, convincing evidence will be obtained that 
the pupillary plane lies behind a plane passed through the external cornea- 
scleral junction. On the edge of the cornea there will be seen in perspective 


A 


&, 
Fig. 9. 


1 Discovered by Purxrnyn. See his treatise: De examine physiologico organi visus et 
syst. cutanei. Vratisl. 1823. In the diagnosis of diseases as used by Sanson’ (Legons sur 
les maladies des yeux. Paris. 1837). Its origin was more exactly ascertained by H. Mnyer 
(Henues und Preorers Zeitschrift f. rationelle Medizin. 1846. Bd. V.). 
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as shown in Fig. 10, two streaks in front of the pupil. The one nearer the 
pupil is bright and is a distorted image of the iris. The other, a dark streak, 


Fig. 10. Fig. 11. 


is the edge of the sclerotica as it projects-over the cornea on the opposite 
side. As the observer moves his eye farther back still, the pupil and iris dis- 
appear entirely and then only the scleral margin can be seen behind the still 
visible edge of the cornea. As the rays of light, after penetrating the cornea, 
proceed in straight lines through the aqueous humor, it naturally follows that 
the iris lies farther back than a line joining a pair of opposite points on the 
external margin of the cornea. 

If the radius of curvature at the vertex of the cornea is known, the distance 
of the pupillary plane from the vertex of the cornea can be calculated quite 
accurately by finding the apparent position of the iris as compared with the 
apparent position of the image of a luminous point in the corneal mirror. The 
reflex image of a distant luminous point lies a little behind the plane of the 
pupil, as may easily be verified by looking at the eye from different 
sides and noting the position of the image with respect to the border of the 
pupil. 

In Fig. 11, let ab represent the pupil, c the apparent position of the reflex 
image, and dc and fc two different directions in which the observer looks at 
the point c. From d the point c will be seen to be beyond the point g in the 
pupillary plane, and therefore apparently nearer a. From f it will appear 
behind the point h, and therefore apparently nearer b. The simplest way to 
ascertain the position of the point c would be to measure its apparent distance 
in perspective from both edges of the pupil, which might be done with the 
ophthalmometer. However, the almost continual variations in the diameter 
of the pupil render this difficult. 

Accordingly, the writer found it better to proceed a little differently. 
Suppose that the elliptical axes of the eye to be examined have been measured 
and the position -f the visual axis determined with 
respect to them. A lamp may then be placed in front 
of the eye in a given position with respect to the 
visual axis; and the position of its reflex image in the 
cornea can be calculated according to the theory of 
the imagery of a spherical mirror. Consequently, 
it will be assumed in what follows that the position 
of this’ reflex image is known. If the lamp, the 
point of fixation and the ophthalmometer are all so 
adjusted that the two corneal images of the source 
as seen in the ophthalmometer can be so arranged 
that one is on one edge of the pupil and the other on 
the other edge, it may be inferred that, as seen from 
the ophthalmometer, the reflex image lies in per- 
spective beyond the centre of the pupil. In Fig. 12 ed and ¢é are two straight 
lines supposed to be parallel to the axis of the telescope of the ophthalmometer; 


Fig. 12. 
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and ab and af represent the double images of the horizontal diameter of the pupil. 
It is assumed that the centre of the pupil, the lamp, the axis of the telescope and 
the visual axis of the eye that is being measured are all in the same horizontal 
plane. According to the theory of this instrument as given in §2 above, all 
lines connecting corresponding points of the double images must be of equal 
length and perpendicular to the axis of the telescope, and the double images 
themselves must be geometrically congruent. Hence it follows that aa and 
68, and also ab and af, are equal and parallel to each other. Now suppose 
that d and 6 are the corresponding double images of the luminous point, and 
that such a position of the eye has been found that d is covered by a and 5 
by 6, in other words, so that the lines de and 6e, which are parallel to the 
axis of the telescope, pass through a and b, respectively. According to the 
theory of parallel lines, 
dé :bB=ay :y8 


dé :aa=cb:ac. 


But since the distances between corresponding points of the double images 
are equal, therefore: 


dé=aa=b. 
Consequently, 

agp 78) 
and CO 00: 


The points c and y, behind which the points d and 6 appear in perspective, 
are therefore the centres of the pupillary images. 

By suitable measurements it is now easy to determine what angle the 
line ed, or the axis of the telescope, makes with the visual axis of the observed 
eye. Thus the position of the line ed in the horizontal section of the eye is 
given by a point and the angle which it makes with another line of known 
direction, namely, with the visual axis. The centre of the pupil also lies in 
the line ed. : 

All that remains to be done now is to make a second observation of the 
same sort in another direction. Thus we find a second straight line of known 
direction, along which the centre of the pupil lies. Accordingly, the centre of 
the pupil must be at the point of intersection of this pair of lines, and its 
distance from the cornea can be found by geometrical construction or by 
calculation. 

The method of 
observation is as fol- 
lows: In Fig. 13 A 
represents the eye 
to be measured, 
which gazes through 
a hole in a screen so 
as to keep its posi- 
tion fairly fixed. At 
some distance from 
it there is a hori- 
zontal scale CD. 
Suppose a perpen- 
dicular is drawn 
from the eye to the 
scale meeting it at 
B. Here a dia- 
phragm is placed 


Fig. 13. 
with a smal] hole in it, and a lamp behind the hole. The light from the lamp 
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goes through the hole and reaching the eye is reflected from the cornea. At 
F there is an adjustable mark which is used as the point of fixation of the eye. 
The ophthalmometer is placed first at G: and then at G2, equidistant from B 
in both positions. Marks may be made on the table for the tripod of the 
ophthalmometer, as the adjustment of the telescope has to be changed during 
the experiment. The patient is told to look steadily at the fixation mark F, 
and to follow all its movements. The observer, making his first observation at 
G,, adjusts the glass plates of the ophthalmometer until one of the double 
images of the luminous point in the cornea coincides with the edge of the 
pupil. If now the other double image does not also coincide with the other 
edge of the pupil, the marker F is moved along the scale until this occurs, 
and the scale division noted. This same procedure is repeated from the second 
position of the ophthalmometer at Ge. 

The distance AB must be measured in divisions of the scale CD; and then 
the angle FAB can be found by the formula: 

Ss =tan Z FAB. 

Knowing the axis major AH of the corneal ellispsoid and the angle FAH, 
the angle BAH may be calculated. This angle is needed to find the position 
of the reflex image in the cornea. In the same way the angle GiAd is found, 
which establishes the direction along which the observer viewed the eye at A. 
The centre of the apparent pupil (as it looks through the cornea) will lie there- 
fore in a line parallel to G1A, which passes through the apparent position of 
the corneal image. 

The method by which the actual position of the centre of the pupil may 
be calculated from its apparent position will be given in §9 and §10.1 

The results of the measurements made with the ophthalmometer on the 
corneae of three eyes are as follows: 


O..H. BaP: J. H. 


Distance of the pupillary plane from the vertex ease 3.485 3.042 3.151 
of the: corneas. 0a tos tain, ore ea distaalctencee § actual 4.024 3.597 3.739 

Distance of the centre of the pupil from the ae 0.037 0.389 0.355 
corneal axis on nasal side... 2... .c02se---- actual 0.032 0.333 0.304 


That the iris lies in contact with the lens and is convex in front, has been 
a subject of much controversy among anatomists.2 The older anatomists 
assumed this to be true, until Petit denied it and asserted that the so-called 
posterior chamber of the eye lies between the iris and the lens, as a result of his 
investigations on frozen eyes. In frozen eyes, thin sheets of ice are sometimes 
found between iris and lens. Almost all later anatomists accepted Prrit’s 
view, until very lately SreLLwac von Carion and CRAMER again asserted 
the close apposition of iris to lens. The author has been able to make direct 
observations by the method mentioned above which appear to confirm this. 
Nevertheless, Bupar (1855) has defended the work of Prrrr. 


1728. Prrtir in Mém. del’ Acad. Roy. des sciences. 1728. p. 206 and p. 289. 
1850. SrELLwac von Caron in Zeitschrift d. Wiener Artze. 1850. Heft 3, S. 125. 


1852. Cramer in Tijdschrift der Nederl. Maatschappij tot bevord. der Geneeskunst. 1852. 
Jan. 


1 HetmMuovrz in GraEres Archiv. fiir Ophthalmologie. Bd. 1. Abt. 2, 8. 31. 
? {See the supplement to this section which quite adequately presents the present 
viewpoint. (D. H.) 
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1853. Cramer: Het Accommodatievermogen der Oogen. Haarlem. bl. 61*. 

1855. J. Buper iiber die Bewegung der Iris. Braunschweig. §8. 5-10 (also gives earlier 
literature of the subject.) 
Hetmuourz in Grarres Archiv. fiir Ophthalmologie. Bd. I. Abt. 2, 8. 30. 


Supplement (from the first edition, pp. 820 et seq., 1867) 


There now appears to exist a general agreement that the central part of 
the iris lies in apposition to the lens in the normal eye. The only differences of 
opinion are in regard to the extent of the free space between the peripheral 
portion of the iris and the anterior borders of the ciliary processes and the 
folds of the zonule. The difference is on the question as to whether this 
space is only a cleft, as Cramer, VAN REEKEN, Rovucet and HENKE maintain, 
or whether there is an open annular space, corresponding to a posterior cham- 
ber, as ARLT supposes. The ciliary processes are empty of blood after death 
and have collapsed. As it is impossible to inmow exactly how much they 
oe be enlarged were the vessels filled with blood, the matter is difficult of 
solution. 

In Figs. 2 and 3 above the ciliary processes are perhaps represented as 
being too close to the iris. The relations of these parts were taken from dried 
specimens (as Fig. 3) in which the angle of the pigment layer between the 
ciliary processes and iris appears to have been drawn out and flattened by the 
drying. In fresh preparations, the ciliary processes are separated from the 
iris at their anterior ends by a much deeper cleft than is shown in the diagrams. 


1855. Van Rerxen. Onteedkundig onderzoek van den toestel voor accommodati van het 
Oog. Onderzoekingen gedaan in het Physiol. Laborat. der Utrechtsche Hoogeschool. 
Jaar VII 248-586 

— Rovaer in Gaz. med. 1855. No. 50 

1860. W.Hernxe. Der Mechanismus der Akkommodation fiir Nahe und Ferne. Archiv. 
fur Ophthalm. VI, 2. 8. 53-72. 

1863. O. Brecker. Lage und Funktion der Ciliarfortsitze in lebenden Menschenauge. 
Wien. Mediz. Jahrbiicher. 8. 159. 


The discovery of H. Miter and Rovcet concerning the ciliary muscle 
should be mentioned. They have shown that there is a large mass of circularly 
arranged muscle fibres, running parallel to the equator of the lens, on the 
medial side of the muscle toward the ciliary processes and between its pre- 
viously described meridional fibres. The action of these fibres will be further 
discussed in the supplement to §13. 


1856. C. Roveer. Recherches anatomiques et physiologiques sur les appareils érectiles. 
Appareil de l’adaptation de l’oeil. C. R. XLII, 937-941. Institut. 1856. p. 193 to 
194. Cosmos. VIII, 559-560. 
—— H.Mizuuer. Réclamation de priorité. C. R. XLII, 1218-1219. 
— C.Rovcerr. Résponse 4 une réclamation de priorité addresée par M. MUuurr. 
C. R. XLII, 1255-1256. Instilt. 1856. p. 245. Cosmos. IX, 9. 
1857. H. Miuuer. Uber einen ringférmigen Muskel am Ciliarkérper. Archiv. fiir Oph- 
thalmol. III, 1. 
— Art. Zur Anatomie des Auges. Ibid., IIT, 2. 
1858. H. Miuier. Einige Bemerkungen iiber die Binnenmuskeln des Auges. Ibid. 
IV, 2. p. 277-285. 
The existence and position of the dilatator pupzillae is still subject to much 
discussion.!_ The blood vessels of the iris are plentifully supplied with muscle 
1 |The existence of the musculus dilatator pupillae is amply proved by the work of 
Grynreitr (Le muscle dilatateur de la pupille chez les Mammiferes, 1899) and others. 
(D. H.) 
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fibres. Some anatomists have described various layers of fibres in addition 
to those of the vessels, which they considered as forming a dilatator pupillae. 
Others have denied the existence of such fibres. 


J. Henue. Handbuch der systematischen Anatomie des Menschen. II, 635. Braunschweig. 
1866. 


§4. The Retina 


The retina is a superficial expansion of nerve substance spread over 
the fundus of the eye between the choroid and the vitreous humor. 
It is quite transparent when fresh, but a 
cloudy white post mortem. It is thickest 
| (0.22 mm) at the back of the eye. The place 
1 where the optic nerve enters, situated some- 
what towards the nasal side (Fig. 2, d), is 
white, whereas a little towards the temporal 
WY. 5 side (at p) there is a yellow spot (macula lutea 
retinae), the seat of clearest vision. Towards 
2 the front the retina gets thinner (0.09 mm at 
the anterior edge) and ends in a serrated edge 
: (ora serrata retinae), where the ciliary proc- 
See Heke coe esses begin, or at any rate its nervous ele- 
BW oo% dest bos c8ee, G0 ° 
WLAN Velel() ments are not found beyond here. It is 
2 CLACKACH closely attached at this place to the choroid 
(eA Ye i and the hyaloid membrane which is a trans- 
parent structureless sac enclosing the vitreous 
humor. The membranous parts which form 
its anatomical continuation from here on 
(pars ciliaris retinae and Zonula Zinnii) have 
an entirely different structure and physio- 
logical significance. 

The retina is composed partly of the usual 
microscopical components of the nervous 
system (nerve fibres, ganglion cells and nu- 
clei), and partly of certain characteristic 
elements, the so-called rods (bacilli) and cones (cont). Fig. 14 
represents a cross section through the layers of the retina at the 
equator of the eye. It is taken from Max Scuutrzz, but with 
its dimensions altered by ScHwaLBe.2 The various layers in the 
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1 qThe pigment layer of the retina (pars ciliaris retinae) is contained over the ciliary 
body and the posterior surface of the iris as far as the rima pupillae. (D.H.) 

* In the first edition. reference was made to a figure after KOLLIKER on a special plate. 
This was changed in the second edition by Hetmnoutz himself to M. Scautrzx’s semi- 
schematic figure as shown above. N. 
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order that they occur beginning with the one next the choroid are as 
follows:! 

1. The layer of rods and cones (Fig. 14, 1). The rods are cylin- 
drical in shape, from 0.063 to 0.081 mm in length and 0.0018 mm in 
diameter, made of a substance of high index of refraction. They are 
arrayed close together like the stakes in a palisade. Their outer 
knobs end abruptly; inwardly, they are continued as fine fibres which 
pass into the next layer. The cones are found between the rods. They 
are thicker (from 0.0045 to 0.0065 mm) and shorter than the rods and 
are composed of similar substance. The external extremity of each 
cone runs out into an ordinary rod (cone rod), while at the inner end 
it is continued as a pear shaped nucleated cell-body which is separated 
from the cone by a slight constriction lying in the next succeeding 
layer (“‘Zapfenkorn,” as K6uurKEr called it or cone nucleus according 
to VINTSCHGAU). 

The cones, which are distributed between the rods, occur less 
frequently out towards the periphery of the retina and are far more 
concentrated towards the yellow spot, 
where there are no rods at all. In Fig. 15 
A represents a surface view of this 
layer at the equator of the eye, B the § 
edge of the yellow spot, and C the Fig. 15. 
yellow spot itself. The little circles 
indicate rods and the larger ones cones, in which the cross section of 
the cone rod is shown. This layer is probably the one where the im- 
pression of light is obtained. 

The layers of the retina which come next are: 

2. Theouter nuclear layer (Fig. 14,2). (Separated from the layer of 
rods and cones by the membrana limitans externa, 1 a;—an observation 
inserted in the text by NAGEL.) 

3. The outer reticular (molecular) layer (Fig. 14, 3). 

4. The inner nuclear layer (Fig. 14, 4). 

5. The inner reticular (molecular) layer (Fig. 14, 5). 

These layers consist of fine fibres proceeding from the rods and cones 
(radial fibres, fibres of MULLER”): They are imbedded in a fine granular 


1 The retinal pigment cells, indistinctly shown at the top of Fig. 14, form the outer- 
most layer. Modern names of the layers have been substituted in the English translation. 
(D. H.) 

2 |The fibres of Miur (radial fibres, sustentacular cells) extend throughout the entire 
retina from the membrana limitans externa to the membrana limitans interna, which appear 
to be formed by the ramifications of the terminal fibres of these cells. Their nuclei lie in the 
inner nuclear layer. These cells have no nervous function. Consequently, the statement 
in the next paragraph that the processes of the ganglion cells “in part seem to be united 
with the fibres of Miuer,” is evidently a mistake. (D. H.) 


26 Anatomical Description of the Eye (23. 


substance and are much branched. Between them lie the molecular 
bodies, from 0.004 to 0.009 mm in diameter, attached to the fibres of 
MU ier. 

6. The layer of ganglion cells (Fig. 14, 6) consists of large nerve or 
ganglion cells with many processes. One such cell, from the eye of an 
elephant, is shown in Fig. 16, which is copied from Corti. Each cell 
contains a nucleus (Fig. 16, a). The processes of these cells in part 
pass out as fibres of the optic nerve and in part seem to be united with 
the fibres of Miitter. This layer is thickest in the yellow spot where 
it may be from eight to ten cells deep. It becomes thinner towards 
the periphery of the retina, where its cells cease to form a continuous 
layer. 

7. The layer of nerve fibres. From the place where the optic nerve 
enters the eye its fibres spread out radially all over the retina, except in 
the yellow spot, which they go around. This layer is, naturally, 
thickest (0.2 mm) near the entrance of the optic nerve and becomes 
thinner towards the outer limit of the retina (0.004 mm at its margin). 
These fibres are of extremely fine 
calibre. They usually become vari- 
cose after death. Their thickness 
varies greatly (from 0.0005 to 
0.0045 mm). As to their final 
terminations, nothing definite is 
known so far. Some of them are 
known to unite with the processes 
of the ganglion cells, and probably 
this is true of all of them. 

The inner ends of the fibres of 
MU..er, which have dense arbor- 
izations here, pass through the 
layer of nerve fibres. Their ulti- 
mate ends are attached to a glassy 
membrane which clothes the retina 

Fig. 16. on its inner surface (membrana 
limitans interna). 

The yellow spot, the most important part of the entire retina for 
vision, may be differentiated from the surrounding portions by 
its yellow colour, which is due to a pigment found in all layers 
except the layer of rods and cones. The layer of nerve fibres 
is lacking here, and in the layer of rods and cones the cones 


1 {Except for a few centrifugal fibres, probably vaso-motor in function, all the fibres 
of this layer are axones of the ganglion cells. (D. H.) 


24.) §4. The Retina 27 


alone are present. In its centre there is an extremely transparent 
indented place or hollow, the fovea centralis, which is very easily torn 
and consequently was considered for some time to be a foramen. At 
the margin of the yellow spot the layer of ganglion cells is thicker than 
in all the other parts of the retina, but it gets thinner again in the 
fovea centralis and consists of only a few layers of cells at this point. 
The inner granular layer is probably absent entirely at the centre of 
the fovea. The inner nuclear layer and the outer granular layer 
become considerably thicker, whereas the outer nuclear layer gets 
thinner, towards the yellow spot. According to H. Miuuer, the inner 
nuclear layer is also thinner in the fovea. According to Remax and 
KOLLIKER, all layers except the ganglion cells and cones are absent in 
the fovea centralis.1 Remax also states that here there is a very yellow 
glassy substance interposed between the cones and the choroid. 

In spite of their importance, the relations of the structures in the 
yellow spot are in many respects but little understood. The delicate 
structures of this region dis- 
integrate very shortly after 
death. Besides, owing to the 
fact that the macula has 
hitherto been found only in 
the human eye,” all the more 
delicate investigations of this 
area have been necessarily 
made on the eyes of executed 
criminals, and such oppor- 
tunities are rare. 

The fovea centralis is 
readily seen with an ophthal- 
moscope by virtue of its pecu- 
liar light reflex (see §16). 
Here is situated the point of the retina for direct vision, where the 
image of the point of fixation of the field of view is focused. 

The vessels of the retina (arteria and vena centralis retinae) enter the 
eye through the centre of the optic nerve and branch out in all direc- 
tions from this point. At first, they lie directly under the membrana 
limitans interna in the layer of nerve fibres. Then they penetrate into 


Fig. 17. 


1 {There is some question as to the constitution of the tunica retina at the fovea. It 
would appear from sections that the cones, a few elements of the outer nuclear and the 
outer reticular layers constitute with the external and internal limiting membranes the entire 
retina at this point. (D. H.) 

2 {The macula and the fovea have been found in all classes of vertebrates by a number 
of investigators, though it is lacking in most fishes, in many amphibia and reptiles and in a 
few mammals. (D. H.) 
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the layer of ganglion cells and even into the external molecular layer, 
in both of which they form a large-meshed capillary net. The position 
and form of this vascular arborization is important for certain optical 
phenomena (see §15), and therefore a drawing is inserted here (Fig. 17), 
which was made by Donpers from an injection preparation. The 
arteries are shown in outline, the veins in solid black. In the yellow 
spot there are no larger vessels and in the fovea even capillaries are 
absent. The fovea is surrounded by a wreath of terminal capillary 
branches. 

At the anterior edge (ora serrata) the retina passes over into a layer 
of cells (pars ciliaris retinae) which together with the membrana limi- 
tans (interna) covers over the ciliary processes and the posterior surface 
of the iris. Here it appears to become changed into pigment cells, 
and is closely attached to the underlying structures. 


Inasmuch as the dimensions of the retina and its elements are of much 
importance in connection with many optical phenomena, attached herewith is 
a résumé of certain measurements, as made by various observers, the results 
being all expressed in mm. These data derived from the works of C. Krauss, 
E. H. Weser, Britcxn, KOLiikeR and VINTSCHGAU are indicated below by 
the abbreviations Kr., W., B., Ko. and V., respectively. 

Diameter of the optic nerve at its point of entrance: Kr., 2.7 and 2.14; 
W., 2.09 and 1.71. 

Diameter of the vessels contained in it: W., 0.704 and 0.63. 

Distance of the centre of the optic nerve from the centre of the yellow spot: 
W., 3.8. Kr., 3.28 and 3.6. Distance between the centre of the optic nerve 
and the inner edge of the yellow spot: Ko., 2.25 to 2.7. 

Horizontal diameter of the yellow spot: Kr., 2.25; W., 0.76; Ko., 3.24. 

Vertical diameter of the yellow spot: Ko., 0.81. 

Diameter of the fovea centralis: Ko., 0.18 to 0.225. 

Distance between the ora serrata and the edge of the iris on nasal side: 
B., 6; on temporal side, 7. 

Thickness of the retina near the optic nerve: Ko., 0.22. 

Thickness of the retina at the back of the eye: Kr., 0.164, Ko., 0.135. 

Thickness of the retina at the equator: Kr., 0.084. 

Thickness of the retina at its anterior margin: Ko., 0.09. 

Thickness of the layers in the yellow spot: Ko., ganglionic layer, 0.101 to 
0.117; inner molecular layer, 0.045; inner nuclear layer, 0.058; outer molec- 
ular layer, 0.086; outer nuclear layer, 0.058; layer of rods and cones, 0.067. 

Diameter of the ganglion cells: B., 0.01 to 0.02; Ko., 0.009 to 0.036, 
usually between 0.013 and 0.022. 

Diameter of the nuclei: B., 0.006 to 0.008; Ko., 0.004 to 0.009. Of the 
cone-cells: V., 0.0068. 

Diameter of the rods: B. and Ko., 0.0018; V., 0.0010. 

Length of the rods: B., 0.027 to 0.030; Ko., 0.063 to 0.081. 

Diameter of the cones: Ko., 0.0045 to 0.0067; V., 0.0034 to 0.0068. Inthe 
yellow spot: Ko., 0.0045 to 0.0054. 

Length of the cones: V., 0.015 to 0.020. 


The newer (1845-1854) works on the structure of the retina are: 
1845. F. Pacini in Nuovi Annali delle scienze nat. di Bologna. 1845. 
1851. H. Mturer in Sizzoip und K6uiixers Zeitschrift fiir wiss. Zoologie. 1851. S. 234. 
—Verhandl. der Wiirzburger med. Ges. 1852. S. 216. Ibid. III. 336 and IV. 96. 
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1850. Cort in J. Miniers Archiv. 274.—Zeitschr. fiir wissensch. Zoologie. V.— 
J. HENLE in Zeitschr. fur ration. Medizin. N. F. II. 304 and 309. 
1852. A. K6LLikER Verhandl. der Wiirzburger med. Ges. III. S. 316*. 
18538. A. Koriiker u. H. Miuimr C. R. del Acad. d. Sc. 1853. Sept. 23.—Plate drawing 
of the retina by these same authors in Ecxmr Icones physiologicae*. 
R. Remax in C. R. de lV’ Acad. d. Sc. 1853. Oct. 31. and Allgem. med. Zentralz. 
1854. No. 1*. Prager Vierteljahrsschr. XLIII. S. 103. 
*M. pr VINTSCHGAU in Sitzbr. d. Wiener Akad. XI. 943*. 
1854. *A. K6éuiiKer Mikroskopische Anatomie. Leipzig 1854. II. 648-703*. 
Some measurements have been copied from: 
C. Krauser, Handbuch der menschlichen Anatomie. Hannover 1842. I, 2. 8. 535*. 
E. Brtcxn, Anat. Beschr. d. menschl. Augapfels. Berlin 1847. S. 23. 
E. H. Weper in Sitzber. d. Sachs. Ges. d. Wiss. 1852. S. 149-152. 


Supplement (from the first edition, pp. 822 et seq. 1867) 

The more delicate anatomy of the retina has been much studied 
by anatomists and more complete information is at hand. As a result 
of his own work and that of other observers, J. HENLE distinguishes 
the following layers in his latest compilation: 

1. Layer of rods and cones 


IMGSaICHAVErdhs Aaa ws. 0 2. External limiting membrane 
; {3. Nuclear layer (granular layer) 
External fibre layer............. 4, External fibre layer 


5. External granular layer 
6. External ganglionic layer 
7. Internal granular layer 
8. Internal ganglionic layer 
White substance. .9. Layer of nerve fibres 
Boundary membrane.......... 10. Limitans hyaloidea. 


Nervous layer Grey substance. . 


Of these, 1, the layer of rods and cones; 3, the outer nuclear layer; 
4 and 5, the outer reticular (molecular) layer; 6, the internal nuclear 
layer; 7, the inner reticular (molecular) layer; 8, the layer of ganglion 
cells; and 9, the expansion of the optic nerve are all enumerated in the 
list given above (p. 25). 

The rods of the hindmost layer of the retina are themselves each 
composed of two rod-like members joined together, the inner of which 
is thicker (0.0018 to 0.0022 mm in diameter) and consists of a less 
highly refracting substance than that of the outer (0.0013 to 0.0018 mm 
in diameter). The basal portion of the rods reaches the same height 
as the thicker bottle shaped basal segment of the cones. The external 
portion of the cones, the cone rods mentioned above, lie in a row with 
the external portions of the rods, but they are shorter and therefore do 
not extend as far towards the choroid. The diameter of the thicker 
inner part of the cones gets to be as much as from 0.004 to 0.006 mm. 
Only in the fovea where there are no rods between the cones the latter 
are thinner. (Their basal ends measure from 0.002 to 0.0025 mm ac- 
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cording to M.Scuuttze, and in a small region from 0.0015 to 0.002 mm 
according to H. Miiuuer, and between 0.0031 and 0.0036 mm accord- 
ing to WeLcKER). According to M. Scuurzz, the cones of the yellow 
spot are further differentiated by being nearly twice as long as those 
in other parts of the retina. 

HENLE states that the outer nuclear layer contains many superposed 
layers of ellipsoidal granules which, in fresh condition, exhibit a char- 
acteristic and very delicate cross striation. Each granule, as a rule, 
shows three bright bands separated by darker ones giving the optical 
effect of layers of two alternating substances passing through the 
granule parallel to the surface of the retina. In well fixed preparations 
these granules may be been in fairly regular rows perpendicular to the 
surface of the retina. Their reaction to reagents is so essentially 
different from that of nerve cells that they may be readily distin- 
guished. Their long axis, perpendicular to the surface of the retina, 
measures from 0.006 to 0.007 mm. The shorter axis is not much more 
than half as long. 

The cone nuclei (‘‘Zapfenkorner,”’ above mentioned) extend also 
into the nuclear layer. Each of them contains a nucleus and is con- 
tinued towards the inner layers as a smooth shining cylindrical fibre, 
0.0015 mm in diameter, which penetrates the thickness of the nuclear 
layer and enters the external granular layer with or without a cell-like 
enlargement. 

According to M. ScHuttTzg, this fibre appears to break up here into 
a large number of very fine fibres which enter the external granular 
layer and become lost in it. In the rods likewise originate delicate 
nerve fibres which are connected with the granules of the external 
granular layer. They correspond to the cone fibres but are much finer, 
and have an enlargement as they approach the external granular layer 
in which they also become lost. 

A special fibre layer (known as HENLE’s external fibre layer) is to be 
found in general only in and around the yellow spot and around the 
ora serrata, along the outer edge of the retina. The fibres in the yellow 
spot run radially out from the centre of the fovea in all directions, 
proceeding principally parallel to the surface of the retina. However, 
they sometimes pass out of the granular layer in small bundles and 
join the horizontal layer of fibres, or they may leave this layer to 
penetrate into the layer of nerve fibres and the outer granular layer. 
These fibres apparently represent the connections between the cones of 
the fovea and the nerve cells which are found in large numbers in its 
vicinity. On account of their great number, however, HENLE doubts 
whether they all serve this purpose. The role that these fibres appar- 


d 
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ently play in the production of Hamrncer’s tufts in polarised light is 
explained in §25. 

Nothing of importance has been recently discovered with respect 
to the other front layers of the retina. A large number of the radially 
arranged fibres of MtuLmr, especially those which unite to form the 
membrana limitans hyaloidea, are connective tissue fibres. According 
to Max Scuu.rzz, the nerve fibres proper can be recognized by their 
varicose appearance, but, beyond their procedure in the foremost layer 
of the retina which forms the expansion of the optic nerve, nothing very 
definite is known. 

In the fundus of the fovea the two layers of nerve cells have united 
with each other and with the nuclear layer. Behind these lie the cones. 
All the other layers are absent. 


1856. H. Mixture. Anatomische Beitrage zur Ophthalmologie. Archiv. fiir Ophthal- 
mologie. II, 2. S.1. III, 1.8.1. IV,.1. 8S. 269. 

Idem, Anatomisch-physiologische Untersuchungen iiber die Retina bei Menschen 
und Wirbeltieren. SrespoLp und K6xiixer Zft. fiir wissensch. Zoologie. VIII, 1. 
C. R. XLII. Oct. 20. 

1857. C. Breramann. Anatomisches und Physiologisches tiber die Netzhaut des Auges. 
Zft. fiir rationelle Medizin. (8) II. 83. 

1858. Nunnery. On the structure of the retina. Quarterly Journal of microscop. science. 
1858. July. 217. 

1859. Rirrer. Uber den Bau der Stabchen und dusseren Endigungen der Radialfasern 
an der Netzhaut des Frosches. Archiv. fiir Ophthalm. V, 2, S. 101. 

M. Scuuttze. De retinae structura penitior’?. Bonn. 

1859. E.v. Wau. De retinae textura in monstro anencephalo. Dissert. Dorpat. 

1860. W. Manz. Uber den Bau der Retina des Frosches. Zft. fiir ration. Medizin. 
(3) X, 301. 

G. Braun. Eine Notiz zur Anatomie und Bedeutung der Stabschenschichte der 
Netzhaut. Wiener Sitzwngsber. XLII, 15-18. 

W. Krause. Uber den Bau der Retinastabchen beim Menschen. Géttinger Nach- 
richten. 1861. No. 2. Zft. fiir ration. Medizin. (3) XI, 175. 

1861. M. Scuuntzp. Sitzungsber. der niederrheinischen Ges. 1861. S. 97. Archiv. fiir 
Anatomie und Physiol. 1861. S.785. Archiv. fiir mikrosk. Anatomie. II, 175-286. 
Ritter in Archiv fiir Ophthalm. VIII, 1. 

1862. H.Mizipr. Bemerkungen iiber die Zapfen am gelben Fleck des Menschen. Wairz- 
burger naturwiss. Zft. II, 218. 

Idem, Uber das Auge des Chamileon. Ibid. III, 10. 

1863. Scuress. Beitrag zur Anatomie der Retinastibschen. Zft. fiir ration. Medizin. 
(3) XVIII, 129. 
H. Wetcxer. Untersuchung der Retinazapfen bei einem Hingerichteten. Ibid. 
XX, 173. 
W. Krause. Ibid. XX, 7. 

1865. Burssic. De Retinae textura. Dissert. Dorpat. 

1866. J. Henie. Handbuch der systematischen Anatomie des Menschen. I, 636-670. 
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§5. The.Crystalline Lens 


The crystalline lens is a transparent, colourless double convex body 
less curved in front than behind. It is enclosed in a structureless 
glassy membrane (the capsule of the lens), which resembles in all 
respects the membrane of Descemet. Like the latter, it also, accord- 
ing to Bricks, has a layer of epithelium on its anterior surface where it 
is in contact with the aqueous humor; but HeNLE and K6LuIKerR deny 
this. Its posterior half is fused with the hyaloid membrane. The sub- 
stance of the lens is of a gelatinous consistency in the outer layers, 
but becomes stiffer in the centre or core of the lens. The entire organ is 
highly elastic in the fresh condition, yielding easily to any external 
force, but quickly and completely recovering its former shape. 

The crystalline humor is a double refracting medium. If examined 
between two crossed Nicou prisms, the black cross with coloured rings 
is seen which is a characteristic appearance of the section of a uni-axial 
crystal perpendicular to the optical axis. 

The mass of the lens consists of a peculiar protein, the so-called 
globulin or crystallin. Its microscopical elements are fibres of hexagonal 


Fig. 19. Fig. 20. 


cross section, from 0.0056 to 0.0112 mm broad, and from 0.002 to 
0.0038 mm thick. They are smaller and of a firmer consistency in the 
core of the lens than in the outer layers. Their broader surface lies 
parallel to the surface of the lens, and thus the lens may easily be split 
in this direction in concentric layers like an onion. Fig. 18 shows a 
cross section of the fibres in normal apposition; and Fig. 19 shows the 
direction of the layers in a cross section of the lens. In each individual 
layer the fibres extend generally from the axis of the lens to its peri- 
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phery. The characteristic star-shaped figures, such as that shown in 
Fig. 20 from the outer layers of the lens, are found only near the axis 
where the fibres bend back again. In the core layers the star has only 
three rays, which make angles of 120° with each other. The stars of 
the posterior and anterior surfaces are turned through 60° with respect 
to each other. In the outer layers, however, the three principal rays 
of the stars are much broken up into secondary rays so that much more 
intricate and irregular figures occur. 

Close under the capsule there is a layer of cells instead of fibres 
which disintegrate after death and form the liquor Morgagnii. Accord- 
ing to Brucxg, similar cells also unite the ends of the fibres in the rays 
of the star, at any rate in the outer layers. Bowman and K6.LIkERr, 
however, maintain that a structureless substance exists at these 
places. The latter explains also the cell-like structures on the posterior 
surface of the lens as swollen and flattened ends of the lens fibres that 
are attached here to the capsule. Thus in each half of the lens there are 
three planes passing through the axis, and corresponding to the prin- 
cipal rays of the star (central planes, BowMan), in which the structure 
of the lens is different from that found elsewhere. In the superficial 
layers these planes are further subdivided. Doubtless, certain irregu- 
larities in the refraction of light rays are dependent on this latter fact. 

We have by no means a clear idea of the distribution of the fibres in 
the lens. Tuomas! has described peculiar figures made by the ends of 
the fibres on the surfaces of sections of dried lenses, consisting mainly 
of two systems of concentric circles. These do not admit of any 
explanation on the basis of present knowledge as to the distribution of 
the fibres of the lens. 


As a result of his measurements, KrAus® considers the anterior surface of 
the lens as a portion of a flattened ellipsoid of revolution and the posterior 
surface as a paraboloid of revolution. He gives the following values of the 
different constants, in Paris lines, for the eight eyes specified in §2: 


Axis Anterior Surface Posterior Surface 
of the} of the | of the Semi-axis Distance] param- |distance} Diam- 
No. | whole} front rear of ellipse from the} eter | from the] eter 
lens half half | major | minor | cornea retina 
D\-.2 0.85 ei, jie 2205 0.95 1.2 4.49 6.65 4.1 
II. | 1.9 0.78 Ti 7) 0.91 1.35 4.99 6.8 4 
III. | 2.4 0.98 1.42 Pe 1.14 1.25 4.99 6.1 4.1 
TV 22 0.95 1.25 | 2:05 1.10 1.35 4.51 5.9 4.1 
Vi oe 1285+]: 10.65 1.2 2.03 0.83 1.25 4.83 6.4 4 
VI. | 2.35} 0.8 1.55 1.95 0.98 Tee 4.53 6.0 Al 
Vit.) 1.8 0.78 1.02 | 2.03 0.95 1 4.09 6.65 4 
a. 1.85 | 0.85 1 2 0.94 1 3.79 6.55 4 


1 Tuomas, Prager mediz. Vierteljahrsschr. 1854. Bd.I. Ausserord. Beilage S. 1. 
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Kravusr’s data on the distances of the two surfaces of the lens from the 
cornea and retina are included above, although, as formerly observed, the 
correctness of these results appears very dubious to the writer. Moreover, 
the latter’s measurements of the thickness of the lens in the eyes of living 
persons do not agree with those made on lenses of cadavers. Inasmuch as the 
thickness of the lens is changed in near and far vision, the discussion of these 
investigations will be postponed until we come to the theory of accommodation 
in §12. 

Literature concerning the structure of the lens: 

1845. A. Hannover in J. Miiuurrs Archiv. 1845. 8S. 478*. 

1846. Harting in VAN DE HorvEN EN DE VrigsE Tijdschrift XII. S. 1. 

1847. *E. Britcxe, Beschr. d. menschl. Augapfels. Berlin. 8. 27-30*. 

1849. W. Bowman, Lectures on the parts concerned in the oper. on the eye. London. 

1851. H. Meyer in J. Miuurrs Archiv. 1851. 202*. 

1852. Gros in C. R. del Acad. d. Sciences. 1852. April. 

1852. D. Brewster. On the development and extinction of regular doubly refracting 
structures in the crystalline lenses of animals after death. Phil. Mag. (4) III, 
192-193. 

1854. *A. Kéuuiker, Mikroskopische Anatomie. Leipzig. II. 702-713*. 

Tuomas in Prager med. Vierteljahrsschrift. 1854. Bd.1. 8. 1.* : 

1859. G. Vatentin. Neue Untersuchungen iiber die Polarisationserscheinungen der 
Kristallinsen des Menschen und der Tiere. Archiv fiir Ophthalm. IV, I, 227-268. 

—. D. Brewster, On certain abnormal structures in the crystalline lenses of animals 
and in the human crystalline. Rep. of Brit. Assoc. 1858. 2, p. 7. 

1863. F.J.v. Becker. Uber den Bau der Linse bei dem Menschen und den Wirbeltieren. 
Archiv fiir Ophthalm. IX (2), 1-42. 


§6. The Aqueous and Vitreous Humors 


The aqueous humor (humor aqueus) fills the space between the 
cornea, iris and lens. The space comprised between the posterior 
surface of the cornea, the anterior surface of the iris and the pupillary 
plane is called the anterior chamber of the eye. On the other hand, the 
space which was supposed to lie between the pupillary plane, the 
posterior surface of the iris and the anterior surface of the lens was 
called the posterior chamber of the eye. However, as a matter of fact, 
this is only a potential space or capillary gap under normal circum- 
stances, as the posterior surface of the iris is close against the anterior 
surface of the lens. The iris seems to become separated from the lens 
only after strong artificial dilatation of the pupil with belladonna. 

The aqueous humor therefore fills the anterior chamber of the eye.” 
It is clear, colourless and consists of water containing about 2% of 
solids the chief of which are sodium chloride and extracts. Its index of 
refraction differs very little from that of water. 

The cavity of the eyeball between the lens and the retina is filled 
with the vitreous humor (corpus vitreum, humor vitreus) which in turn 


1 ¥Except at its base. (D. H.) 
2 |The aqueous humor also fills the posterior chamber of the eye. (D. H.) 
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is contained in the hyaloid membrane (membrana hyaloidea). The 
vitreous humor is a gelatinous mass of slight coherence. When it is 
cut, a thin non-viscous fluid drips from it, which has an alkaline 
reaction and contains from 1.69 to 1.98% of solids, about half of which 
is inorganic material (sodium chloride, a little sodium carbonate, 
traces of lime, sulphuric acid and phosphoric acid). The organic part 
seems to consist chiefly of mucin containing traces of some protein 
compound. The index of refraction of the vitreous humor likewise 
differs little from that of water, but is somewhat higher than that of the 
aqueous humor. 

In the embryo the vitreous humor has a cellular structure, but 
subsequently only a few remnants of these cells are found, such as 
membranes, granules, and granular lumps! that move about in it but 
not with perfect freedom. The vitreous humor apparently owes its 
consistency to a rather small amount of very much swollen organic 
substance (mucin or fibrous material). Small amounts of fibrous tissue 
which have differentiated from a watery fluid often give rise to similar 
soft gelatinous masses from which fluid runs out if the continuity of 
the coagulum is mechanically disturbed. If the vitreous humor is 
hardened in reagents that precipitate the mucin, as, for example, in a 
solution of lead acetate or of chromic acid, the sections of it are found 
to contain sometimes uniform condensations. However, it is still 
extremely doubtful whether these can be considered as membranes 
that pass through the vitreous humor. 

HANNOVER infers that the presence of these bands indicates that 
flat membranes are present in the vitreous humor of the human eye 
which all intersect in a line proceeding from the place where the optic 
nerve enters the eye to the posterior surface of the lens; and that these 
membranes extend from this line to the exterior of the vitreous humor 
where they are inserted in the hyaloid membrane, so that the structure 
of the vitreous humor would be like that of an orange. 

The deductions as to the structure of the vitreous body which may 
be drawn from entoptical phenomena will be considered later. 

The hyaloid membrane is a very delicate, glassy membrane without 
structure which at the back part of the eye rests against the membrana 
limitans interna of the retina, being attached thereto over the entire 
surface during life,? but after death only at the place of entrance of the 
optic nerve and at the ora serrata. From the ora serrata it is continued 
as a thinner membrane over the posterior surface of the capsule of the 


1 These remnants are frequently noticeable as the shadowy “‘muscae volitantes,”’ 


noted at times by the observer in his own eye. (D. H.) ; 
2 VintscuGav in Sitzbr. d. Wiener Akad. Xi. $43 and Burow in J. Mtuirrs Archiv. 


1840. 
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lens with which it is united (Fig. 2,k). Another membrane, the so-called 
zonula Zinnii (ligamentum suspensorium lentis) is inserted between it 
and the ciliary portion of the retina. This is regarded by many 
anatomists as an anterior layer of the hyaloid membrane. 

The zonule is folded like a ruff so as to follow the surface of the 
ciliary processes. The anterior or outer border of its folds is closely 
attached to the membrana limitans in the hollows between the folds of 
the ciliary processes. The posterior 
or inner border of its folds, corre- 
sponding to the summits of the ciliary 
processes, lies in apposition to the 
hyaloid membrane. In Fig. 2 the 
zonule is indicated by the line e. On 
the right it passes between two 
ciliary processes, while on the left it 
goes over the summit of one of them. 
In this manner it reaches the border 
of the lens and is attached to its capsule in a wavy line. A quadrant of 
the lens is shown in Fig. 21, projected on a plane passed through the 
axis of the lens.ab. The line of attachment of the hyaloid membrane is 
indicated by cd. Above this is seen the serrated line of attachment of 
the zonule. 

The cleft-like space between the zonule and the hyaloid membrane 
is called the canal of Prtit (canalis Petitc). If it is inflated after the 
zonule has been laid free from the anterior surface, the invaginated 
folds of the zonule bulge outwards so that the whole has the appearance 
of an Ionic egg-molding, and hence PrtiT, who discovered it, named it 
“canal godronne.”’ With stronger inflation, the evaginated portions of 
the membrane tear, leaving only the tougher anterior edges of the folds 
as bands which bind the lens to the vitreous humor. The anterior edges 
of the folds are attached also to the ciliary portion of the retina which 
dips down between the ciliary processes; and this in turn is attached to 
the pigment layer. Fibres of attachment are also present here. 
According to Brijcxs, they arise from the fibres between which the 
nerve cells of the retina are embedded. The fibres are attached to the 
ora serrata at those places which correspond to the interval between 
each pair of ciliary processes and pass forward in the bottom of these 
grooves. Bricks thinks that the zonule itself is a structureless mem- 
brane, but Hmenie and KO6LLIKER maintain that it is fibrous. The 
zonule and its fibres are as resistant to chemicals as is elastic tissue. 

The zonule secures the position of the lens inasmuch as it attaches 
the latter to the ciliary body. Under tension the zonule may exert 


Fig. 21. 
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a pull on the equatorial edge of the lens thereby tending to elongate 
the equatorial diameter, reduce the axial thickness, and flatten the 
surfaces of the lens. 


Literature on the structure of the vitreous humor: 


PaPreNHEIM, Spezielle Gewebelehre des Auges. 842. S. 181. 

E. Bricks in J. Mitiers Archiv. 1843. S. 345 and 1845. S. 130. 

Hannover, ibid. 1845. 8. 467 and in: Das Auge. Leipzig. 1852. 

Bowman in Dublin Quarterly Journal of Med. Science. 1848. <Aug.; also in Lectures on the 
Parts conc. in the oper. on the eye. London 1849. p. 94. 

*E. Britcxe, Beschr. d. menschl. Augapfels. Berlin 1847. 

Vircuow in Verhandl. d. Wiirzburger phys. med. Ges. II. 1851. 317 and in Archiv fir 

pathol. Anat. IV. 468 and V. 278. 

*KOLiikER, Mikrosk. Anatomie II. 713. 

DonveErs en JANSEN in Nederlandsch Lancet 1846. II. 454. 

*A. Doncan, De corporis vitrei structura. Dissert. Utrecht 1854. Abridged in Onder- 
zoekingen ged. in het physiol. Laborat. der Utrechtsche Hoogeschool. Jaar VI. 8S. 172. 


§7. Surroundings of the Eye 


The eyeball lies imbedded in loose adipose tissue in the bony orbit 
or socket of the eye (orbita). This is very nearly conical in form. The 
base of the cone is the external opening of the orbit in the face; its apex 
lies posteriorly and somewhat medially. Fig. 22 shows the positions.of 


Fig. 22. 


the eyes in both orbits. From the posterior side of the right eyeball 
in the figure, the optic nerve n may be seen to arise, entering the 
cranial cavity through a hole o (foramen opticum) situated at the apex 
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of the orbit, and uniting and crossing with the nerve from the opposite 
side in the chiasma nervorum opticorum at m. The continuations of the 
optic nerve from the chiasma to the brain are known as the optic tract 
(tractus opticus). The fibres of each tractus opticus pass partly into 
the optic nerve of its own side, partly into that of the opposite side, 
and asmall part through the tractus opticus of the opposite side back into 
the brain. Some observers have also found fibres which pass from one 
optic nerve through the chiasma into the other. 

There are six muscles whose function is to turn the eyeball in its 
socket, namely: 

1. The internal rectus i, and 

2. The external rectus a. Both of these originate in the vicinity of 
the foramen opticum at the apex of the orbit and are inserted on the 
inner (medial) and outer (lateral) sides of the eyeball, respectively. 
They turn the eye around its vertical axis. 

3. The superior rectus, removed from the right side of Fig. 22 in 
order to show the optic nerve, marked s on the left side; and 

4. The inferior rectus, which lies on,the under side of the orbit, just 
as the superior rectus shown in the figure lies on the upper side. These 
two muscles also originate in the vicinity of the foramen opticwm and 
are inserted in the upper and lower sides of the eyeball. They turn it 
around a horizontal axis, indicated by the line DD in Fig. 22, which 
passes from the nasal side of the eye, a little to the front, to the 
temporal side, a little to the back, making an angle of about 70° with 
the optical axis (A) of the eye. 

5. The superior oblique muscle t arises from the edge of the foramen 
opticum and proceeds to the upper nasal side in the front part of the 
orbit, where its tendon passes through a small pulley n (trochlea), 
which is attached to the upper anterior edge of the orbit. Here it turns 
at an angle and is inserted in the upper side of the eyeball at C. The 
muscle exerts a pull in the direction of its tendon. 

6. The inferior oblique muscle, not shown in the figure, arises from 
the front nasal border of the orbit, passes under the eyeball towards the 
temporal side, and is inserted m the posterior outer side of the eyeball 
at vin Fig. 22. The axis of rotation (BB) of the oblique muscles of the 
eye is likewise horizontal and passes from the outside in front to the 
inside behind, making an angle of about 75° with the axis of rotation of 
the superior and inferior recti and an angle of 35° with the optical axis 
of the eye. 


The optical axis of the eye may be turned in any desired direction by 
the action of these six muscles combined in different ways. The eye- 
ball is capable of rotation also about the optical axis itself. As an intro- 
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duction to the subject, it would appear to be justifiable to assume 
provisionally a common axis of rotation for the two muscles of a pair. 
Anyhow it simplifies very much the comprehension of the movements 
which the muscles of the eye have to produce. 

The eyeball is protected in front by two eyelids (palpebrae). Each 
of them contains a cartilaginous plate which is covered on the outer 
surface by the external skin and on the inner by a mucous membrane, 
the conjunctiva, which is continued over the eyeball. It is loosely 
attached to the white of the eye but fuses with the cornea at its border. 
The surface of the conjunctiva and the anterior surface of the cornea are 
kept continually moist by three different secretions. These are: (1) the 
secretions of the Meibomian glands which lie on the inner surface of 
the eyelids under the conjunctiva. This fatty secretion perhaps affects 
mainly the edges of the lids and prevents the overflow of tears, but it 
may also spread over the cornea in oily drops, especially when the lids 
are moved strongly. (2) The mucous of the mucous glands of the 
conjunctiva which are most numerous in the folds between the lids 
and the eyeball. (3) The tears, secreted by the lachrymal glands. 
There are two of these glands situated in the upper outer side of each 
orbit. They pour out their watery secretion, which contains only 
about 1% of solids, through from seven to ten fine ducts above the 
outer angle of the eye between the upper lid and the eyeball. From 
this point the tears spread over the entire surface of the conjunctiva 
and are taken up at the inner angle of the eye by two small openings, 
the puncta lacrymalia. These are the orifices of the two lachrymal 
canals which empty into a wider canal, ductus nasolacrymalis, from 
which they finally reach the nose. 

The conjunctiva of the eye is extraordinarily sensitive. The 
slightest contact with a foreign body causes pain and involuntary 
movement of the eyelids or winking. By this means and by the con- 
tinuous flow of tears across the conjunctiva, the anterior surface of the 
cornea is kept clean and bright at all times, which is a necessary con- 
dition for clear vision. The larger particles of dust floating in the air, 
insects, etc., are kept out by the eyelashes. 
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Physiological Optics 


§8. Subdivisions of the Subject 


Physiological Optics is the science of the visual perceptions by the 
sense of sight. The objects around us are made visible through the 
agency of light proceeding thence and falling on our eyes. This light, 
reaching the retina, which is a sensitive portion of the nervous system, 
stimulates certain sensations therein. These are conveyed to the 
brain by the optic nerve, the result being that the mind becomes con- 
scious of the perception of certain objects disposed in space. 

Accordingly, the theory of the visual perceptions may be divided 
into three parts: 

1. The theory of the path of the light in the eye. Since we are here 
chiefly concerned with the refraction of the rays, and only incidentally 
with regular or diffuse reflection, this subdivision of the subject may 
be entitled the dioptrics of the eye. 

2. The theory of the sensations of the nervous mechanism of vision; 
in which the sensations are considered by themselves without taking 
account of the possibility which they afford of recognizing external 
objects. 

3. The theory of the interpretation of the visual sensations, dealing 
with the impressions which these sensations enable us to form of the 
objects around us. 

Thus the difference between physiological optics and physical optics 
is that, whereas the former is concerned with the properties and 
behaviour of light only as they pertain to visual perceptions, the latter 
investigates optical phenomena and laws independently of the human 
eye. Physical optics is intimately connected with visual phenomena 
partly because the eye itself is an optical instrument and is employed 
for purposes of observation and partly also because it affords the most 
convenient means of recognizing the existence and propagation of 
light and of distinguishing one kind of light from another. 

For the benefit of such readers as are not thoroughly familiar with 
the principles of physical optics, the following brief summary of the 
characteristic properties of light which are of most importance in 
physiological optics, together with definitions of some of the physical 
terms that are to be employed later, is inserted at this place. 

Nearly all physicists nowadays regard light as a form of motion 
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in an hypothetical medium known as the luminiferous aether. The 
wave theory of light, as it is called, gives a satisfactory 
explanation of all the phenomena, and is the basis of 
this explanation.' 

A good idea of the mode of motion of the aether 
particles along a ray of light, according to the funda- 
mental assumption of the wave theory, may be obtained 
by holding in the hand the upper end of a moist string 
a or a slender chain AB, Fig. 23, and, as it hangs verti- 
; cally, giving it a rapid lateral motion to and fro. The 

string will then assume a wave form, as indicated by 
the dotted line in the figure, and this wave form will 
¢, travel continuously from the upper to the lower end. 
As the waves travel down the string, each particle of 
the string must remain at the same height’ above the 
‘4, floor, but is free to vibrate to right and left or to and 
fro in a straight line, or to move in a horizontal circle 
or ellipse about its central equilibrium position, in 
accordance with the similar movements of the hand. 
a; -: The vibrations of a row of aether particles, along 
Las which a ray of light is being propagated, would be 
exactly like the motions of the single parts of 
the string. Each element of the aether remains always in the vi- 
cinity of its original normal position, and merely oscillates in a 
straight or curved path about this point. It isnot the aether particles 
themselves that are propagated as light, but only the wave form into 
which they continue to arrange themselves in their movements and 
changing phases of displacement and velocity. The paths of the aether 
particles lie in planes which are transversé or perpendicular to the 
directions of propagation of the waves of light; just as, in the case of 
our string, the waves travel vertically towards the floor while each 
particle of the vibrating cord continues to describe a horizontal path 
at a constant level. In this respect waves of light are different from the 
waves in elastic fluids, such as sound waves in air, for example, in 
which the particles perform longitudinal vibrations parallel to the 
direction of propagation. 

If the path of the vibrating particles of aether in a train of light 

waves is rectilinear, the light is said to be plane-polarised;? whereas if 
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{ * {He_muorrz explains here the wave theory in terms of the ideas that were prevalent 
in the middle of the last century, long before the modern electromagnetic theory of light, as 
developed by Maxwrti and Herm, had superseded the earlier notions of the mode of 
propagation of light. (J. P. C.S.) 

? {As to the beginnings of the theory of the polarisation of light, see: 

Newton’s Optics (1719), Huygens’ Traité de la lwmiére (1690), Maxus in Mémoires de 
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the path is circular or elliptical, the rotation taking place in either 
direction around the orbit, the light is said to be circularly or ellip- 
tically polarised. Two plane-polarised rays whose directions of vibra- 
tion are perpendicular to each other are said to have mutually per- 
pendicular polarisation. Natural light, as it issues from luminous 
bodies, behaves usually as a uniform mixture of all kinds of differently 
polarised light; such light is said to be unpolarised. It is primarily 
through the agency of refraction and reflection that we obtain light 
with an excess of one kind of polarisation, or with one kind only. 

If each aether particle concerned in the propagation of light tra- 
verses exactly the same path always in the same time and with the 
same velocity, the light itself is said to be simple, monochromatic, or 
homogeneous, and the interval of time required for it to traverse its 
path once is known as the period of vibration. The most striking 
characteristic whereby light of different vibration periods may be 
distinguished by the eye is that of colour. Natural light from luminous 
bodies is usually not simple light of constant period, but consists of 
trains of waves of almost innumerable frequencies of vibration con- 
tinually changing in value. Light of this kind is said to be mixed or 
composite. The white light of the sun is mixed light. Mixed light may 
be most readily separated into its monochromatic components by being 
refracted through a transparent prism, due to the fact that wave-trains 
of different periods will proceed in different directions after refraction. 
We may compare the vibrations in a beam of natural light to those 
which our string would make, if the hand holding it were to execute 
horizontal movements in various periods and directions, without, 
however, ever getting very far from its mean position. 

Light is propagated with prodigious speed. Its velocity in inter- 
stellar space, as determined by astronomical observations, is found to 
be not less than 310,177.5 Km per second.’ In all other transparent 
media the velocity is less than in vacuo and depends also on the 
frequency of vibration. 

In crystalline bodies and other media whose molecular structure is 
different in different directions (double refracting substances), the 


physiques et de chimie de la Societé d’Arcueil, tome II (1809), and Fresnev’s Oeuvres com- 
plétes, tomes I, II, published in Paris in 1868. (J. P. C. 8.) 

1 {A thing may be “simple” from one point of view and at the same time very complex 
in other ways. The word “monochromatic” (einfarbig) is used in physics to describe light 
of a definite wave-length or frequency, and this usage is so general there that it can perhaps 
now never be changed. The expression “single frequency light”’ is awkward, but it is more 
accurate and less misleading. (J. P. C. 8.) 

2™The mean value of the speed of light im vacuo is usually given nowadays as 
300,000 Km per second. MicuELson’s measurements in 1879 gave 186,380 miles per second. 
(J PC28;) 
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velocity is also not the same for different directions of propagation and 
of polarisation. 

If a ray of monochromatic, plane-polarised light travels along the 
line AB, Fig. 23, the aether particles which were originally in that line 
will now take the wave-form dob0a:b1a2, which moves forward with 
uniform velocity. This results in the formation of alternate loops to 
right and left, which are of equal length. The length of two such 
loops, Co¢i, or more generally, the distance at a given instant from any 
point on one loop to the corresponding point of the next loop which has 
the same displacement, is called the wave-length. While the crest of the 
wave is travelling from dp to ai, another crest must be formed at ao, and 
the aether particle A must have performed a complete vibration; so 
that the light travels forward through one wave-length during the 
time of one vibration period. That is, the wave-length is equal to the 
vibration period multiplied by the velocity of propagation. Hence it 
follows that, for light of given vibration period traversing different 
transparent media, the wave-length must always be proportional to 
the velocity of propagation; and also that the wave-length in dense 
transparent substances is in general less than in empty space. 

Wave-lengths may be measured by means of interference phe- 
nomena, and the corresponding vibration periods then calculated. 
Interference depends upon the fact that two rays of light will reinforce 
each other if they give rise to aether movements in the same direction, 
while if these movements are in opposite directions, they tend to 
neutralize each other. If two parts of one original ray are made to 
follow different paths and are then re-united, they will reinforce each 
other, provided the lengths of the paths are equal or differ by exactly 
one, or two, or more whole wave-lengths. From observations upon 
such interference effects it has been found that the wave-lengths of 
light corresponding to the so-called visible spectrum vary from 0.00039 
to 0.00069 mm, and hence that the number of vibrations within the 
limits of visibility is from 451 to 789 million millions per second. 

The disturbances imparted to the surrounding aether by a luminous 
point-source in an isotropic medium proceed from it uniformly with 
the same speed in all directions. The result is that the wave expands 
in spherical form, while the amplitudes of the aether vibrations 
diminish in proportion as the radius of the sphere increases. It is to be 
noted, however, that the intensity of the light is proportional to the 

1 qThe visible spectrum extends from about 723 yu at the red end to 397 up at the 
violet end. these being the wave-lengths in vacuo. (1 yu is one millionth of a millimetre or 
ten ANasTRom units.) Taking the velocity of light as 300 million metres per second, the 
limiting frequencies of the visible spectrum will be found to be comprised between about 


415 and 756 million millions of vibrations per second, corresponding roughly to a range of 
somewhat less than one octave. (J.P.C.S.) 
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square of the amplitude of vibration, and that it therefore varies 
inversely as the square of the distance from the source. With respect to 
the propagation of light, any surface on which the particles of aether 
are all exactly in the same phase of vibration is called a wave-surface 
or wave-front. 

The term ray of light requires a special explanation. Mathemati- 
calty it may be defined as a line perpendicular to the wave-front. 
Thus, so far as spherical waves are concerned, the raysof light may be 
regarded as radii of all the concentric spherical surfaces, maintaining 
their same directions as long as the light continues to travel unhindered 
in the same transparent medium. As a matter of fact, the vibrations 
of the aether particles lying along a ray of light are not strictly inde- 
pendent of the movements of the particles along adjacent rays. How- 
ever, interruptions of these neighbouring vibrations, produced, for 
example, by the interposition of an opaque body, are found to have 
little effect on the motions of the aether particles of the original ray 
under ordinary conditions, especially so far as the eye is concerned. 
In such circumstances, therefore, the vibrations of the aether particles 
belonging to a ray may be regarded as practically constituting an 
isolated mechanism, and as taking place independently of the vibra- 
tions in the adjacent rays. The theory of the propagation of light is 
thereby very greatly simplified. So we are accustomed, in ordinary 
practice, to assume that each ray of light travels in a straight line, 
unaffected by the rays adjacent to it; and indeed the inaccuracy arising 
from such assumption is generally altogether negligible. However, this 
method of explanation of the expansion of spherical light waves along 
rays or lines of propagation leads us astray when the light passes 
through an opening whose dimensions are small enough to be com- 
parable with the wave-length. We find then that appreciable quanti- 
ties of light are propagated laterally beyond the opening. And in 
general, wherever light travels past the edge of an opaque obstacle, a 
small part of it is deflected or, as we say, diffracted, from the direct 
path. In such cases, the phenomena can be explained only by taking 
into account the action of the entire wave. So far as the physics of 
the eye is concerned, however, we may tacitly assume that the propa- 
gation of light in an isotropic medium is rectilinear. 

There is a very marked difference between light and sound in this 
connection, though it is really only one of degree. The dimensions of 
most natural objects are so large in comparison with a wave-length 
of light that the latter magnitude is practically negligible. Nearly all 
the light goes right on past the side of the obstacle in straight lines, and 
it is only by the use of special apparatus that we can detect the slight 
diffraction effects at the edges. Sound waves, on the other hand, are 
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several inches or feet in length, and therefore exhibit a great deal of 
diffraction when passing among obstacles. Common experience shows 
us that we can see only in straight lines, although we can hear around. 
corners. We cannot, therefore, explain sound propagation in terms of 
“sound rays,” as it would lead us too far from the actual facts. It is 
on this account that the theory of sound has always been so much more 
difficult to present -than that of light. To this same peculiarity of light 
the eye owes its ability of judging correctly the precise position of a 
luminous body from the direction of the rays of light that come from 
it into the eye, whereas the ear possesses a similar faculty only to a very 
limited extent. On the other hand, any intervening opaque object 
prevents the eye from seeing what is behind it, whereas the ear can 
easily hear sounds proceeding from behind an obstacle. It thus hap- 
pens that the phenomenon of wave diffraction involves certain distinct 
advantages and disadvantages in the case of both these senses. 

When aray of light is incident upon the boundary surface separating 
two different transparent media, as a rule a portion of it is turned 
back (reflected) and continues in the first medium, while another 
portion passes on into the second medium, but generally not without 
being bent aside or refracted from its original direction. If the surface 
of separation is perfectly smooth and polished, and the media are not 
double refracting, there will be only one reflected ray (regular reflec- 
tion) and only one refracted ray. But if the surface is rough, the light 
will be scattered by reflection and refraction in many or all directions, 
even if the incident rays were all parallel (diffuse reflection and 
refraction). 

As light proceeds through a material medium, its intensity may 
continue undiminished; no matter how far it travels, in which case the 
medium is said to be transparent. Empty space itself is probably the 
only example of an absolutely transparent medium. On the other 
hand, the intensity of the light may gradually diminish, which indeed 
can happen in two ways. Thus there may be in the medium itself 
innumerable minute foreign particles, tiny fractures, slight changes of 
structure, etc., which produce an internal scattering or refraction of the 
light (false internal dispersion), causing the medium to appear cloudy 
and self-luminous throughout; or the light may simply vanish without 
having been scattered (absorption). As absorption usually is different 
for light of different wave-lengths, white light is generally coloured 
after passing through a medium of this nature, and the medium itself 
appears coloured. Colourless transparent media are those which 
transmit all rays of visible light without appreciable absorption. They 
may, however, absorb certain invisible rays, as the infra-red or the 
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ultra-violet of solar radiation; that is, they may behave towards these 
rays as coloured media do towards visible light. 

The absorption of light is frequently accompanied by chemical 
actions, probably always by heat, and sometimes by new light. In the 
last case, each part of the illuminated medium radiates light in all 
directions which differs, however, in colour and composition from that 
which was absorbed. The substance becomes self-luminous. This 
phenomenon is called phosphorescence if it persists after the illumina- 
tion is cut off, and fluorescence (or true internal dispersion) if it lasts 
only during illumination. Light derived from a fluorescent substance 
is in general of longer wave-length than that of the incident light, and 
its colour and composition are independent of the latter. In one sense, 
therefore, fluorescence results in an alteration of the wave-length or 
refrangibility of the light, and it often happens that light which is 
invisible to the eye or almost so on account of its short wave-length 
may be detected by allowing it to fall on a fluorescent material such 
as the acid sulphate of quinine, uranium glass, extract of horse-chestnut 
bark, amber, etc. 


Following is a list of works which deal in a general way with 
physiological optics: 
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§9. Laws of Optical Imagery for a System of Spherical Refracting Surfaces.! 


It is mainly through the agency of refraction that the course of the 
rays of light is altered in the human eye. Here, however, there is not 
just one refracting surface, but a whole series of them. Accordingly, 
let us proceed to consider the general laws of refraction of light in iso- 
tropic media, especially of successive refractions at each of a series of 
curved surfaces, since these laws form the theoretical basis of the first 
division of this work. 

When a ray of light is incident on a surface separating two iso- 
tropic media, the directions of the corresponding reflected and refracted 
rays may be found as follows. Let 
ab, Fig. 24, represent the interface 
between the two media, which we 
shall call the refracting surface. 
The straight line fc indicates the 
path of an incident ray; dc is a line 
perpendicular to ab at c, called the 
incidence normal; and the straight 
lines ch and cg represent the paths 
of the reflected and refracted rays, 
respectively. The plane containing 
the normal and the incident ray is 
called the plane of incidence, the 
angle between these lines being the angle of incidence (angle def or a in 
the figure); the angle between the normal and the reflected ray 
(angle hed in the figure) being the angle of reflection; and that between 
the normal and the refracted ray (angle gce or 8) being the angle of 
refraction. 

When the media are isotropic, (1) the reflected and refracted rays 
both lie in the plane of incidence; (2) the angle of reflection is equal to 
the angle of incidence; and (3) the angle of refraction and the angle of 
incidence are so related that the sines of these angles are in the same 
ratio as the velocities of propagation of light in the two media. 

The ratio of the velocity of light in vacuo to that in a given medium 
is called the absolute index of refraction of that medium. Thus if ¢ is 
the velocity in vacuo and ¢1, cz the velocities in the first and second 
media, whose indices of refraction are denoted by 1, 72, respectively, 
then: 


1 See the first of the Appendices to Part I. G. 


Fig. 24. 
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The law of refraction is usually expressed in this last form. By 
definition the absolute index of vacuum is unity. For air at ordinary 
pressures it differs so little from unity (its value being 1.00029 at 0° C 
and 760 mm pressure), that for most purposes the difference is negli- 
gible. 

The velocities of different kinds of monochromatic light are all the 
same in vacuo, but in transparent liquids and solids light of different 
colours is propagated at different speeds. As a rule, the shorter waves 
(blue and violet) travel more slowly than the longer waves (red and 
yellow) in the same medium, and hence the index of refraction of the 
medium is greater for the former than for the latter. Accordingly, the 
violet rays are said to be more refrangible than the red. Owing to this 
difference of refrangibility, the different coloured components of white 
light after refraction generally proceed in different directions through a 
liquid or solid; so that this affords a means of separating them. In 
Fig. 24, the upper medium is supposed to be less dense than the lower 
one. The refracted ray cg is bent towards the incidence normal ce. 
The deviation is greater for the violet rays than for the red rays. Thus, 
if the violet light takes the route cg, the red component of the beam fc 
will proceed in a direction cg:, and be separated from the more refrangi- 
ble colours. 

In the eye, we are concerned with the refraction of light at spherical 
or approximately spherical surfaces. Now in any case of this kind the 
laws of refraction are greatly simplified when the light falls on the 
surface nearly normally, so that the angles of incidence are all very 
small. Moreover, another simplification is introduced in the case of a 
system of spherical surfaces if they are so adjusted that their centres of 
curvature all lie on one straight line, called the optical axis of the 
system. A system of spherical surfaces which fulfills this last condition 
is called a centered optical system. A bundle of rays composed of 
straight lines which all intersect in a single point is said to be homo- 
centric... When a homocentric bundle of rays is refracted through a 
centered system of spherical refracting surfaces, all the angles of 
incidence being small, the emergent rays will likewise all meet again 
at a single point, or proceed as if they were diverging from a luminous 
point, that is, the bundle of emergent rays will be homocentric also. 
This point at which the rays are again united is called the optical image 


1A better term is “‘monocentric.” (J. P. C. 8.) 


44, 45.] §9. Laws of Optical Imagery 59 


of the original point-source. If now the light were sent back through 
the system from the point where the image is formed, retracing the 
same paths the rays would be converged at the original luminous 
source; and hence these two points, where the source and its image are 
located, are called conjugate foci of the rays. 

An optical image is said to be real, provided the rays, after their 
various refractions, actually converge to a focus there. <A real image, 
therefore, must be beyond the refracting surfaces. If the emergent 
rays apparently diverge from a point nearer the source than the further- 
most refracting surface, the image is said to be wrtual. We say 
“apparently,” because in this case the rays of light themselves do not 
actually intersect, but only their geometrical prolongations. 

Convex glass lenses (burning glasses, convergent lenses) produce 
real images of distant objects, as shown in Fig. 25, where the lens is 
represented by cd and the Pe 
luminous point by a. The 
incident rays ac andad are 
refracted through the lens 
along cf and de, and actu- 
ally intersect at b, so as 
to form areal image there. 
Proceeding on their way, 
they diverge from 0 as if 
it were itself an original 
luminous source.! 

Concave glass lenses 
(divergent lenses), on the other hand, give virtual images of real objects, 
as shown in Fig. 26, which islettered in the same way as Fig .25. In this 
case the emergent rays themselves do not actually intersect, but when 
they are traced back, they intersect “virtually” at 6; so that toaneye 
placed between f and e it would appear as if the source were actually 
at b. 

When several luminous points lie in a plane perpendicular to the 
axis and so near it that their rays all meet each of the surfaces in turn 
at very small angles of incidence, the images of these points, whether 
real or virtual, will also lie in a transversal plane perpendicular to the 
axis, and will have a relative geometrical arrangement similar to the 
distribution of the luminous points themselves. If these are the lumi- 
nous points of an object, the optical image of the object will be similar 
to it. 

1 @This statement is not strictly accurate, because, whereas the luminous point a emits 


rays in all directions, the rays proceeding beyond b are confined to a definite cone of rays. 
aPiC282) 
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The camera obscura affords a good illustration of the formation of 
real images of objects which at the same time is very similar to the 
way they are produced in the eye. It consists of a box A (Fig. 27), 
blackened on the inside, with a focusing tube mounted in the front side 
which contains one or more glass lenses 1. The back of the box is a 
ground glass plate g. If the camera is pointed towards a distant 
luminous object, and care taken to shade the ground glass, there may 
be seen upon it an inverted image of the object in its natural colours. 
If the lens is properly focused, the image will be sharply defined. This 
means that with a suitable lens situated at the proper distance from 
the ground glass screen, the rays from any given point of the object 
will be brought to a focus at some point on the screen. This point will 
receive all the light which enters the instrument from the corresponding 
point of the object, and will therefore have the same colour and pro- 
portional brilliancy. The light from any other part of the object will 
likewise be brought to its own proper focus, and will not overlap upon 


Ff) 


the image of the first point. 
One of the first things to be noticed here is that the images of 
objects at different distances from the instrument are not sharply in 
focus on the screen at the same time; and in 
a order to get an image of a near object, the 
! F ) lens tube must be pulled out more; and 
i i pushed in for a distant object. The reason 
is, of course, that the images of unequally 
it distant objects are themselves unequally dis- 
tant from the lens, so that they cannot all 
be in focus on the screen at once. 

Moreover, in case the diameter of the lens is large in proportion 
to the length of the camera, another thing that will be observed 
is that the borders of bright parts of the image are fringed with colour, 
generally blue or orange. Owing to the difference of refrangibility of 
light of different wave-lengths, the foci for different colours do not lie 
exactly at the same distance back of the lens, and the coloured images, 
therefore, do not exactly coincide. This phenomenon is known as 
chromatic aberration. It canbe almost completely avoided by the use of a 
suitable combination of lenses made of different kinds of glass. Optical 
instruments constructed in this way, so as to be free from chromatic 
aberration, are said to be achromatic. 

However, even with monochromatic light it will be found that the 
images formed in the camera obscura and other optical instruments of 
large aperture are more or less blurred or indistinct. This is because the 
rays coming from a single point are not refracted by a spherical sur- 
face exactly to a focus, but only approximately. In order for the focus 
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to be exact, the angles of incidence must be infinitely small. This 
second kind of aberration is called spherical aberration. An aplanatic! 
instrument is one in which the effect is minimized as far as possible by 
a suitable combination of the refracting surfaces. Perfect aplanatism, 
generally speaking, is not attainable with spherical refracting surfaces; 
and for that purpose other curved surfaces which are in fact surfaces of 
revolution of the second or fourth order have to be used; but hitherto 
they have been but little employed in actual optical instruments. 

Provided certain points on the axis of a centered system of spherical 
refracting surfaces, known as the cardinal points of the system, have 
been previously located, it is a comparatively simple matter to find 
the position and size of the image of an object produced by the so-called 
“paraxial” rays, and also to determine the procedure of any such ray. 
There are three pairs of these points, namely, the two focal points, the 
two principal points, and the two nodal points. 

The side of the system from which the light comes will be called the 
jirst side, and the other side to which it goes, the second side. The 
indices of refraction of the first and last media will be denoted by 
nm, and n-,, respectively. 

The first focal point is the point where an incident ray must cross the 
optical axis in order to emerge from the system in a direction parallel ‘to 
the axis; and the second focal point is the point where an emergent ray, 
which was originally parallel to the axis, crosses the axis. The 
second principal point is the image of the first; that is, the principal 
points are a pair of conjugate points on the optical axis, so that a ray 
which before refraction is aimed at the first principal point will issue 
from the system along a straight line which passes through the second 
principal point. The principal planes of the system are the pair of 
conjugate planes perpendicular to the axis at the principal points; and 
the characteristic property of these planes is that an object lying in 
the first principal plane is reproduced by an image in the second prin- 
cipal plane which has exactly the same dimensions as the object and is 
oriented the same way. The principal points are the only pair of 
conjugate points of the system for which this condition is satisfied. 
The two nodal points are likewise a pair of conjugate points on the 
axis, characterized in this case by the fact that an incident ray which 
is directed to the first nodal point will emerge from the system in the 
same direction along a line which passes through the second nodal 
point. 

The distance of the first principal point from the first focal point 
is called the first focal length of the optical system. It is reckoned as 


1 9The term “aplanatic,”’ as commonly used nowadays, implies also the fulfillment of 
Axpspr’s so-called ‘‘sine condition.”’ (J. P. C. 8.) 


62 Dioptrics of the Eye (47, 48. 


positive when the first principal point lies beyond the first focal point 
in the direction of the incident light. Thus, in Fig. 28, suppose that 
the light goes along the axis from A towards B; and let f., f., designate 
the focal points; h., h- the principal points; and k-, k. the nodal 
points. In this case the first focal length fh. is a positive step along the 
axis. The second focal length, on the contrary, is defined as the distance 


Fig. 28. 


of the second focal point from the second principal point, that is 
the step h.-f.., which is also a positive step in the adjoining diagram.1 

The step from the first focal point to the first nodal point is the 
same as that from the second principal point to the second focal point; 
and, similarly, the step from the second focal point to the second nodal 
point is the same as that from the first principal point to the first focal 
point; that is, 


file =hefn 
hippie \ arte Seas fer ete (C) 
Hence it follows also that 


kehe=kehv=fle—fohn 2 6 we (8) 


Moreover, the interval between the principal points is equal to that 
between the nodal points, that is, 


hh =kk, . . ° . ° ° ct (y) 


Finally, the ratio of the focal lengths is equal to that of the indices of 
refraction of the first and last media: therefore 


RET af OEY eae ee (8) 
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Accordingly, if the first and last media are the same (n- =n), as is 
the case in most optical instruments, but not in the eye, the two focal 
lengths are equal and the principal points and nodal points are one and 
the same pair of conjugate points on the axis. 


a {/According to the author’s definitions, the focal lengths ordinarily, therefore, have 
the same sign; but nowadays they are both usually defined in the same way, so that generally 
the two focal lengths are opposite in sign. (J. P. C. 8.) 
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The first focal point, principal point and nodal point are considered 
as being in the first medium and are concerned with the incident rays; 
whereas the second focal point, principal point and nodal point are to 
be regarded as being in the last medium and having to do with the 
emergent rays. 

The focal planes are perpendicular to the optical axis at the focal 
points. Incident rays which meet in a point in the first focal plane will 
emerge from the system as a bundle of parallel rays. According to the 
definition of the nodal points, the direction of this bundle of parallel 
rays will be parallel to a straight line drawn from the point of inter- 
section of the incident rays in the first focal plane to the first nodal 
point. 

A bundle of parallel rays in the first medium will be brought to a 
focus at a point in the second focal plane; and the position of this focus 
will be found by drawing the straight line which is parallel to the 
incident rays and passes through the second nodal point. 

These rules enable us to find the path of a ray in the last medium 
when we know how it goes in the first, and to determine the position of 
the image of a given luminous point. 


Fig. 29. 


Thus, for example, being given the path ab (Fig. 29) of a ray in the 
first medium, suppose it is required to find its path in the last medium. 
Let a designate the point where the straight line ab crosses the first 
focal plane, and let b designate the point where it crosses the first prin- 
cipal plane. The image of the point b lies in the second principal plane, 
since one principal plane is the image of the other. And since, by 
the definition of these planes, the image of b must be exactly as far 
from the axis in the same direction, it must lie at the point ¢ found by 
drawing a straight line through b parallel to the axis until it meets the 
second principal plane. Every ray originating at b or passing through 
this point must, therefore, emerge from the system along a straight 
line which goes through c. 

Thus, the continuation of the ray ab goes through the point c. 
Now connect the point a with the first nodal point k- by a straight line 
and draw cd parallel to ak. Then cd is the continuation of ab in the 
last medium; because, since a is a point in the first focal plane, all 
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incident rays that go through it will emerge in parallel directions, and 
since ak may be considered as one such ray and since the continuation 
of it must be parallel to ak., it follows that the continuation of the ray 
ab in the last medium must also be parallel to ak. 

Or we may also use the property of the second focal plane to make 
this construction, as follows: Draw the straight line bc parallel to the 
optical axis meeting the second principal plane at c; and through the 
second nodal point draw ke parallel to ab meeting the second focal 
plane at e. The straight line ce is the path of the emergent ray. 

Or suppose it is required to construct the image of a given luminous 
point a (Fig. 30). All that is necessary here is to construct the paths 
of two rays com- 
ing from a and 
to determine their 
ultimate point of 
intersection. 
When the given 
point a is not on 

Fig 30. the axis, the rays 

most convenient 

to use for this purpose are ac, parallel to the axis, and ak, directed 

towards the first nodal point. From the point c where ac crosses the 

second principal plane, draw the straight line cf, through the second 

focal point, and determine the point e where this line intersects a 

straight line k..e drawn through the second nodal point parallel to ak.. 
The point e thus found is the image of the point a. 

That the rays ac and ak, will, after refraction, follow the paths ce 
and k.e, respectively, follows immediately from the foregoing rules and 
definitions. 

If a lies on the axis, one of the rays will follow the axis itself, without 
deviation. It will then be necessary to construct just one other ray, 
and the image will be its intersection with the axis. 

Having thus briefly outlined the results of the theory for the 
benefit of those who wish only to know the facts, let us proceed now to 
the complete mathematical treatment of the subject. 


Refraction at a Spherical Surface 


In Fig. 31, let a designate the centre of the spherical surface cb, 
and p the position of a luminous point outside it. A ray proceeding 
from p towards the centre meets the surface normally and continues 
along the same straight line ag. Another ray, proceeding along pc, 
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meets the surface at c and is refracted there into the second medium. 
The first question is, what 
isitsnew path? By the law 
of refraction given above, 
it must remain in the plane 
of incidence determined by S 2 7 
the incident ray and the \ 

normal at the point of 
incidence. The radius of 
a sphere being everywhere perpendicular to its surface, the incidence 
normal in this case is simply the prolongation of the radius ac, and the 
plane of incidence is the plane containing the lines pe and ad. The line 
pq also lies in this plane, since it contains the points p and a that are 
on pg. The refracted ray, therefore, must intersect the straight line 
pain some pointg. Where is this point with reference to the point 6b? 
Should the ray happen to be parallel to pa, the intersection g may 
be regarded as at an infinite distance. Its position depends on the 
fact that 


d@. 


Fig. 31. 
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where n- and n., denote the indices of refraction of the first and second 
media, respectively. 

By the law of sines in trigonometry, we derive the following 
relations from the triangles ape and agqc: 
sin (pea) _ ap 
sin (cpa) ac 
sin(gea) _ aq. 
sin(cqa) ac 


Dividing the second of these equations by the first, and noting that the 
sine of the angle pca is equal to the sine of its supplement pcd, we 
obtain: 


sin(ped) sin(cqa) _ ap 


sin(qca) sin(cpa) aq 


Equation (1) may be written: 
sin(ped) _ 
sin(qca) mm 


and from the triangle pcg we have: 


sin(cqa) _P. 
sin(cpa) cq 


Combining the last three equations, we find: 


ESOP ee aE 5. is kaye eC) 
ncq aq 
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When the point 7 is infinitely far away, cp and ap may be considered 
as being ultimately equal, and hence in this case: 


UEC T0720. ae ane ee ee ee (2a) 


With the aid of equation (2), the path of the refracted ray may 
easily be constructed. If this is performed, not only for one single ray, 
but, by varying the position of the point c, for a number of other rays 
also, it will be 
found that the 
refracted rays as 
thus determined 
do not all inter- 
sect each other 
exactly at one 
point, and that 
their successive 
points of intersec- 
tion le along a 
curved (caustic) line, as shown in Fig. 32 for the case when the inci- 
dent rays are parallel. In this diagram BB represents the spherical 
refracting surface and CC the incident rays; GFG is the caustic line, 
which is the enveloping curve of the bundle of refracted rays. The 
rays that pass closest to the centre meet at the cuspidal point. F. 

If the discussion is confined to the case of such rays as are incident 
on the refracting surface nearly normally, it is obvious from Fig. 31 


that the ratio? becomes more and more nearly equal to the ratio 
cq 


b : ‘ ; 
= when the point c is taken nearer and nearer to b. In this case 
q 


equation (2) becomes: 
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Putting the radius ab =r, and employing also the following symbols: 
bp=f., bg=f., ap=g, ag=g-, we have therefore 


+r=q 

a =, 1) on 
Equation (2b) becomes: 
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Thence, by a simple transformation, we may write: 
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from which the required distances f., or g-- may be found. 
If F., and G., denote the values of f., and g-, when the luminous 
source p is infinitely far away, that is, when f. =g. = 0, we find: 


ner 
Fiz : 
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F= =G., 
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=> is =f, 
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Solving the first of these equations for f., and then for f.., we obtain: 
Ff 
f. a3 te 
fu-Fu Bile or necktie cera uee Nat Be taps (7) 
fro wet. 
f—F. 


Whenever either of these values turns out to be negative, it means 
that the corresponding point, p or q, lies on the opposite side of the 
refracting surface from that indicated in Fig. 31. 

Remarks. 1. If the light, instead of originating at p in the first 
medium were to come from g in the second medium, gc would be the 
incident ray and cp the corresponding refracted ray. Thus rays diverg- 
ing from g and meeting the surface nearly normally, would be brought 
to a focus at p. This leads at once to the formulae for refraction when 
the light falls on the concave side of the spherical surface. All that is 
necessary is to interchange the terms first mediwm and second medium 
and the subscripts in the symbols; whereupon the original equations 
(3) become 
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But these differ from (3) only in the sign of the right-hand term in 
each case; so that all we have to do is to consider r negative in order 
that equations (3) may apply also to the case of a concave surface. 
The same thing is true with respect to equations (3a), (3b), (8c) and 
(3d), which are all derived from (8). 

2. Ifqis the image of p, then 7 is also the image of g. This mutual 
relation is expressed by saying that a pair of such points are conjugate 
foci, without implying which one of them is the source of light. More- 
over, as far as the law of refraction is concerned, it is immaterial 
whether the point from which the light comes belongs to an actual 
material body, and is self-luminous or not, or is merely a point of 
intersection of previously refracted rays. Thus, the source may be 
only a virtual focus of such rays, which has to be constructed by pro- 
ducing the ray paths backwards until these lines intersect at a point 
on the other side of the surface at which the rays were refracted. 

3. Another thing to be noted is that the laws of the reflection -of 
rays at a curved mirror may also be deduced from equations (3) by 
simply putting n= —n-. Hereafter we shall need these formulae to 
investigate the reflex images in the refracting surfaces in the eye. 
Some writers prefer, however, to use special symbols for the mirror 
formulae. When —n. is substituted for 1, in equations (3), we obtain: 


BPR PERS» 


PER RS he 


When r is positive, that is, according to the above, when the mirror 


is convex, then for f, = ©, the value of f., is equal to sand is positive, 


so that the focus of the mirror lies behind it and is therefore virtual. 
For a concave mirror, r is negative and f,, is found to be negative also; 
that is, the focus of a concave mirror is in front of it and is therefore 
real. Usually, however, it is convenient to reckon the distance of the 
image from the mirror as positive when the image is real. Therefore, 
the signs of f,, and of the radius (r) of the mirror must be taken opposite 
to those used in case of refraction; so that the fundamental equation 
has to be written: 

1 1 2 

SA aes 

4. If r is infinite, the refracting surface is plane; in which case, 

according to (3a), the focal lengths become infinite also, and the first 
of equations (3) is transformed into 


Tate 
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or 
i ESET onl pent aie A lett NB saraaser gs © 5) 


In a plane refracting surface, therefore, the image lies on the same side 
of the surface as the source, but at a different distance. 


Image of an Object in a Spherical Refracting Surface 


Hereafter in speaking of an object whose image is formed in a 
curved refracting surface, it is to be understood that the term refers to 
a plane object placed perpendicular to the axis of the optical system; 
and furthermore that it is of very limited size and, for the purposes of 
the image, emits only such rays as meet the refracting surface nearly 
normally and therefore at very small inclinations to the optical axis. 

When the image of a luminous point is produced by a spherical 
refracting surface, the straight line joining this point with the centre 
of the surface may be considered as the axis; but for an object as above 
defined the axis is the straight line drawn through the centre of the 
surface perpendicular to the plane of the object. 

In Fig. 33, the straight line sp represents the object and the 
straight line pr drawn through the centre (a) of the spherical refracting 
surface perpendicular to 
sp is the optical axis. The 
image of a point s near the 
axis is formed at t, whose 
position is given by two 
rectangular coordinates, 
ar and rt, parallel and perpendicular to the axis, respectively. 

Considering the luminous point s by itself, its image, as we have 
seen, must lie somewhere on the straight line sa. Put sa=y,, and 
at=y-; then according to equation (3c): 


Fig. 33. 


Se RN oR MIRE, cots inn nai tuni aby tynta tins ta CB) 


g 
i 
ti cos a 
x 
n= 
i cos a 


Substituting these values in (4), we find: 
GinGuen oly. 


gy’ x cos a 
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Now by the conditions as to the size of the object, the angle a must be 
very small, and by putting cosa=1, we shall neglect only a small 
quantity of the second order of smallness; and then we may write: 


If g- denotes the distance from a of the image of the axial point p, 
then 
Or Ge 


g: gr’ y 
and hence 


w= Q 


st tect td sencprexa sce 6) 
That is, the point r at the foot of the perpendicular ér is the image of :p. 

Accordingly, the images of all points lying in a plane perpendicular 
to the axis at p are found to be approximately in a plane perpendicular 
to the axis through the image of p. Thus having first located the 
point r which is the image of the axial point p, the image of any other 
point in the object may be found by simply drawing a line from the 
given point through the centre of the spherical refracting surface, and 
the point where it crosses the transversal image-plane at r will be the 
required image. It follows from the principles of elementary geometry 
that the image and the object are similar. 

It is easy to find the ratio of the corresponding linear dimensions of 
the object and its image. For example, let the height of the object ps 


be denoted by @., and the corresponding length in the image rt by 86.; 
then 


Ties 
ere 


where the minus sign has to be inserted in the formula so that it will 

apply to the cases of both erect and inverted images. Combining this 

equation with equations (2c), (3a), (3b) and (3c), we find: 
Gu a. Gi, — gv 


Bros DG 
fnea G. (6a) 
or 
Bu 

B 


at he eae 
a pe eee Oy, 
When the refracting surface is plane, the focal lengths become 


infinite, and for this case equation (6b) becomes 


Ai Tw Ch)sal woulicy seeds gartuniad@e 


Accordingly, the image in a plane refracting surface is exactly as large 
as the object. 
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Generalization of the preceding results. Now let us inquire how the 
focal points, principal points and nodal points, as above defined, are 
applicable in the case of a single spherical refracting surface. 

The focal points are the points where rays intersect in one medium 
that proceed parallel to the axis in the other medium. The positions 
of the focal points can be found from equations (3a) and (3b), because 
the magnitudes denoted by F., F., and G., G.. are the distances of the 
focal points from the vertex and centre of the refracting surface, 
respectively. 

The focal planes are the transversal planes perpendicular to the axis 
at the focal points. Since the conjugate point to either focal point is 
infinitely far away, the same statement must be true with respect to 
any point in one of the focal planes, provided it is not too far from the 
axis. In other words, rays which meet in a point in either focal plane 
will be parallel to each other in the other medium. 

The characteristic property of the principal points is that object and 
image lying in the principal planes, which are perpendicular to the axis 
at these points, have precisely the same dimensions in all respects. 
For these planes, therefore, 8-=6,,.. According to equations (6b), this 
means that here f, =f.,=0, which conditions must both be satisfied, 
as shown by equations (3d). Consequently, the two principal points 
of a spherical refracting surface coincide with each other at the vertex, 
so that object and image are here coincident. 

The peculiar property of the nodal points is that a ray which is 
directed towards the first nodal point before refraction will proceed 
through the second nodal point after refraction in the same direction as 
before. The two nodal points of a spherical refracting surface also 
coincide, both being at the centre of the surface; because any ray 
whose path in the first medium is directed towards the centre of cur- 
vature will proceed into the second medium not only in the same 
direction but along the same straight line. 

The constructions given above which were based on the properties 
of these special points and planes are, therefore, applicable also to the 
case of a single re- 
fracting surface. 
The process is 
simpler here be- 
cause every point 
in the first prin- 
cipal plane is its own image, and also because a ray directed to 
the first nodal point proceeds straight on along the same line. 

The two equations (3c), similar in form, enable us to determine 
the abscissa of the axial image-point, with reference, however, to two 


Fig. 34. 
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different points as origins of measurement. More general equations 
of the same simple type are obtained by taking as origins in the two 
media any pair of conjugate points on the axis. For example, suppose 
the points designated by s, ¢ and p, q in Fig. 34 are two pairs of con- 
jugate points on the axis of a spherical refracting surface, whose 
focal points are P; and P:; and let us introduce here the following 
symbols: 


sa=fi, Py=F,, 
ta=fo, P.a=Fo, 
pa=¢1, 
qa= 2, 
ps=hi, g= —hz, 
Pis=—Hy,, tP2= — Ho, 
then 
(a) Oyo 
1 2 
(8st betel 
Yi ¢2 
(y) ¢i-fi=hi, 
(6)  ¢g2—fo=he, 
(€) F,—fi=H,, 
(§) Fe-fe=He 


Substituting in (8) the values of g: and ¢g» as obtained from (y) 
and (6), we obtain 
F, F, 
iean@ade © 
or 
Fy(hotfe) +Fo(hitfi) = (hi ti) (het+fe). 
Writing (a) in the form, 
FifotFofi=fife, 


and subtracting this equation from the one above, we get: 


Pyho+Pohi=hihothifothofi 
or 
(Fi —fi)hot+(F2—fe)hi=hihe, 


which by virtue of equations (e) and (¢) may be put in the following 
form: 

AyhotHeh, == hihe, 
or 

Heres 

hl Se as ee 

Thus if distances along the axis are reckoned from any given pair 

of conjugate foci a formula of this same simple type is always obtained. 
Since the centre of curvature of the refracting surface and likewise 


any point on the surface coincides with its conjugate point, these 
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points are their own images, and equations (3c) prove to be only 
special examples of the general formula (7). 

If the point s coincides with the first focal point, equation (7) is 
confusing, because now both H, and h, become infinite. But in this 
case the corresponding equation can be obtained easily from the first 
of equations (8d), as follows: 

ee 
Sfo=F 


By subtracting F, from both sides the preceding equation may be 
written: 


fi-F.=-—- A MATE, BO SIRE Tae. (7a) 


If in this equation we put f. —F. =, f.. —F, =L, where L, l., denote the 
distances of axial object-point and image-point measured, in opposite 
directions, from the first focal point and the second focal point, respec- 
tively, the connection between a pair of conjugate points is given in its 
simplest form, as follows: 


Ubi l es ast wep, Foy ey eine Yes iasaersty CAD) 


In terms of the same magnitudes, formula (6b) for the magnifica- 
tion-ratio becomes 


Be Niue 
‘ eee Un Tee ees eae ie) 
BO Fe 


Connection between the linear magnification and the angular magni- 
fication. In Fig. 35 let sp and gr represent an object and its image in a 
spherical refracting surface whose axis is pg. Let ai, az denote the 
angles which a ray 
coming from p makes 
with the axis before 
and after refraction, 
respectively; each of 
these angles being 
reckoned as positive or 
negative according as the ray in question leaves the axis above or below 
it, respectively. Thus Zcpa=a,, Zcqga= —az. Also, as before, let ps = f,, 
gr =62, ap =f, and aq=f:. Since by hypothesis the slopes of the rays 
are all small, the arc ac may be considered here as a short straight line 
perpendicular to the axis at a; and so we may then write: 


Fig. 35. 


ac=fitanay, 
ac= —fztanas, 
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and therefore 
fitana 1= —fetanaz ° . . ; Fs ° e (A) 


Moreover, from equations (3d) and (6b): 
jr— Fe fr—Fs 


i pub ed neaged Lee 


From (8a) and (3b), Roofs. and hence 
Hr 1 

fo _ 12, Be, 

fi a m Br 


Combining this equation with equation (A), we obtain the relation 
sought, namely: 


mB itana, = NoBotanas A cy Fy “ ry el (7d 


This important result expresses the relation between the linear 
magnification and the angular magnification without involving directly 
the distance of the object or the focal lengths of the refracting surface. 


Centered System of Spherical Refracting Surfaces 


Let us proceed now to investigate the imagery in the case of a 
symmetrical optical instrument consisting of a system of spherical 
refracting surfaces whose centres all lie on a straight line which is 
therefore the axis of symmetry or optical axis of the system. 

The light is incident in the first mediwm, whose index of refraction 
is denoted by n-, on the first surface; the second medium, of index nz», 
is the medium comprised between the first surface and the second 
surface, etc.; and the last medium of all is the medium beyond the last 
or mth surface, whose index of refraction is denoted therefore by 
Mm 41, Since the number of media is always one more than the number 
of surfaces. As above, the radius of a surface is counted positive or 
negative according as the surface is convex or concave towards the side 
of the instrument from which the light comes. Moreover, it should 
be stated here once for all that when an image is said to lie in a certain 
medium, this means that it is the focus of the rays in their passage 


1qThis is a famous law in geometrical optics, sometimes called the “Hrtmnoirz 
equation” or the ‘“LacRaNGE-HELMHOLTz equation,” because, although HeLMHo.Tz dis- 
covered it independently and recognized its peculiar importance, he himself attributed it to 
LaGraNncE who had published a special case of the general law in 1803. But RoBEerT 
SmitH in his Compleat System of Opticks (Cambridge 1738) had enunciated this law for a 
system of infinitely thin lenses long before Lacranaz, so that nowadays it is sometimes 
referred to as the “SmitH-HELMHOLTz equation.” (J. P.C.S.) 
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through this medium, no matter where the image may be situated in 
space and no matter whether it is real or virtual. 

It has been shown that a narrow bundle of rays that all meet a 
spherical refracting surface nearly normally will be homocentric after 
refraction, if it were homocentric before refraction. And this remains 
true no matter how many times the rays are refracted in traversing 
a centered system of spherical refracting surfaces. If the object is 
composed of a number of luminous points all lying in a transversal 
plane perpendicular to the optical axis, the new foci after the first 
refraction will also lie in a parallel plane in the second medium in 
similar geometrical arrangement; and the same thing is true after each 
~ successive refraction from one medium to the next; so that the image 
formed in the last medium, that is, the resultant image in the entire 
system, will lie in a certain transversal plane perpendicular to the 
optical axis and will be geometrically similar to the object. 

Since the image formed in each medium may be regarded as an 
object with respect to the next spherical refracting surface, the position 
and size of the final image may be computed without any particular 
difficulty, although even for a moderate number of refractions, the 
formulae become very complicated. 

Our problem therefore is to derive, if possible, some general laws 
applicable to any number of refracting surfaces; which is particularly 
necessary in dealing with the optical system of the human eye, because 
the crystalline lens has a variable index of refraction and is to be 
regarded therefore as composed of innumerable surfaces or layers; 
so that it is no easy matter to trace the path of a ray of light in the eye. 


Fig. 36. 


1. First of all, let us show that the law found in equation (7) for 
the case of a single spherical refracting surface is true also of a centered 
system of such surfaces. 

In Fig. 36 the first surface is marked 1, the next to the last m—1, 
and the last m. The point in the first medium designated by s and the 
point in the last medium designated by u are a pair of conjugate points 
on the optical axis with respect to the entire system; and the points p 
and r are another pair of conjugate axial points. Putting ps=hi, 
and ur =hm 4:1, What we have to prove is that 
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Hay He 
hipahaepiml © 


where H,, H, denote the distances of the first and second focal points of 
the system from the points s and u, respectively. In order to show that 
this is a general law, it will first be proved that if it is true for a system 
of (m—1) surfaces, it is true also for a system of m surfaces. Then, 
since we know it is true for one surface, it holds for two; and therefore 
for three; and so on indefinitely. 

The images of the points s and p in the first (m—1) surfaces are 
formed in the mth medium at the points ¢ and q respectively; put 
tqg=hm. Let L,, L, denote the distances of the two focal points of the 
system of (m—1) surfaces from the points s, t, respectively; and let 
M,, M, denote the distances of the two focal points of the mth or last 
surface from the points t, wu, respectively. These distances must be 
measured from the points s, ¢ and wu, and considered as positive when 
they extend in the same direction as that in which the light traverses 
the axis. Now by hypothesis: 


Ds _ 
2 


and for the refraction at the last surface: 


Ty 
raga tae 


Dividing the first of these equations by Lz and the second by M,, and 
then adding them, we get: 


1 Bye lowell Gielen Thon ill 


i, tio eee 


or 
ML, 1 M.Le a 


Mises hye Mele dl odie 


If now we put h; = © in which case hn +1=H2, this equation gives: 


= M.Le 
2 Myles 


and if we put hn +1=%, so that hi=Hy, then 


Hence, finally 


Ms WES ab RMietoihe ie hideicd 


as we set out to prove. 
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For every real value of hi, positive or negative, according to this 
equation, there is one corresponding value of hm 41, and only one such 
value; and, conversely, to each value of Im 41 corresponds one value of 
hi. Therefore either of the two conjugate foci may be taken anywhere 
on the optical axis; and whenever the position of one of these points is 

given, that of the other is uniquely determined. 

2. In every optical system there is one’pair of conjugate foci, and 
only one pair, for which object and image in the corresponding con- 
jugate planes at right angles to the axis are equal in every respect. 

_ This pair of conjugate planes is the pair of principal planes of the opti- 
cal system; and the corresponding points on the axis are the principal 
“points. The focal lengths of the optical system are to each other in the 
same ratio as the indices of refraction of the first and last media. 


\~ 
ee Cit ee Gs 
oe: ee ee = S| fies Le a P 
a P ae ay 2 
SS 


Fig. 37. 


The construction of the image of any object is very simple. Sup- 
pose that p (Fig. 37) is the point where the optical axis meets the object 
ps, where s is any other point of the object near p. Think of the object 
as moving along the axis, so that the point s traces out a straight line 
st parallel to the axis. If the straight line st is the path of a ray of light, 
this ray will always go through the point s, no matter what the distance 
pq is. Now all rays parallel to the axis will emerge from the system so 
as to cross the axis in the last medium at the second focal point P2. If 
the straight line ru which crosses the axis at P2 is the path of the 
emergent ray corresponding to the incident ray st, the image of the 
point s will always remain on this line. Let the straight line fg per- 
pendicular to the axis be the image of the object ps. As p moves along 
the axis, its conjugate point f must move also along the axis while 
the point g conjugate to s will move along the straight line rw. 
Evidently the size of the image fg will vary directly as the distance 
P.f;as we know already from equations (6a) and (6b) is the case with 
a single refracting surface. Also since, according to equation (8), 
P.f can have any value whatsoever, positive or negative, the same is 
true as to the size of the image, provided the length of the image is 
reckoned as negative when the image is inverted. Thus there is only 
one position of the object ps for which its image will be precisely equal 
to it in both size and direction; suppose that this position is bic, and 
that the image then is b.c.. The pair of conjugate points bi, by are 
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therefore the positions of the so-called principal points of the system. 
Employing the following symbols, 


sears 
g= slthy, 
biPi=F, bip=fi, 
beP2=F2, bof =fo, 
we have here 
cabs _bsP 
fg Pof 
or 
bi ee 
B2 fo—F2 
but by equation (8) 
F,, Fe 
ee tS Un ee eee a he eer 8a 
Ft F, (8a) 
and hence we get 
Bre, Fes Pim ee eee 
Bo Fo-fe fi 


a formula that corresponds to equation (6b) for a single refracting 
surface. Let 1, 1, denote the distances of object and image from the 
first and second focal points, respectively, that is, put 

h=fi-Fi, 

l=f2—Fo. 
Accordingly, eliminating f:, f. from equations (8a) and (8b), we find 
the so-called image-equations for a centered system of spherical 
refracting surfaces, in their simplest forms, as follows: 


Ll,=FiF 2 . . . . ° ° . (8c) 
pr 
Bo Fy ne ees cee ee SG) 
Bo_ _ te 
Bridie 


These results should be compared with equations (7b) and (7c) which 
were obtained for a single surface. 

Finally, in order to find the ratio of the focal lengths F; and F2, let 
us apply equation (7d) to the case of the incident ray whose path is 
along the straight line joining s and 6; and which emerges therefore 
along a straight line which goes through g and crosses the axis at by. 
Let y, denote the size of an object in the first principal plane, and let 
vy, yr, ete., and ym 41 denote the sizes of the successive images of this 
object formed after each refraction. By the characteristic property of 
the principal planes the last image of all must be of the same size as 
the object, that is, ym41=7. Moreover, let a,a, . . . am41 denote 
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the angles which the ray sb: makes with the axis in each medium in 
succession from the first to the last; so that, for example, 


Zsbyp= ar, 
Z gbof = —Am+1- 


Now according to equation (7d) 


ny tana =niy tana, 
ney tana =Nerry tina, ete., 


and, consequently, 

My TANG =NmpYm41tANGmg1 . .» « « « (9 
or since ¥ =m 41, 

mtana=Nmi1 tanansi Re eae (Oa) 
Moreover, according to the notation above, 


sp=6, =-—fitana, 
fg = —B2= —fotanans., 
and consequently 
Br _ _ Nm+1B2 


fi Ss 


Substituting here the value of.f; as obtained from equation (8a), we get 


By id __ Mm+1B2 
fi-Fi PF, 
and according to equation (8b), 
Bi By 
of Vaca de Set si 


From these two equations we derive immediately the fundamental 
relation between the focal lengths of an optical system, namely: 


te tue a fe) 
eae we 


3. In every optical system there is one, and only one, pair of 
nodal points. If a ray crosses the axis in the first medium at the first 
nodal point, the corresponding ray in the last medium will cross the 
axis at the second nodal point along a line which is parallel to the 
original direction of the ray. The transversal conjugate planes 
through these points perpendicular to the axis are called the nodal 
planes. The second nodal point is the image of the first, since rays that 
meet at the first point must meet again at the second point. The dis- 
tances between the nodal points and focal points of an optical system 
are inversely proportional to the indices of refraction of the first and 


last media. 
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If equation (9) is applied to the nodal points we must put a,=an +1, 
and thus we obtain: 


NY? = Nm41Ym+1- 


Hence, we see that the linear dimensions of object and image lying in 
the nodal planes are likewise inversely proportional to the indices of 
refraction of the first and last media. 

Since the size of the image is proportional to its distance from the 
second focal plane, this distance can be found, provided the size of the 
image is given. If the image lies in the second principal plane, it has 
the same size as the object and its distance from the second focal point 
is F.. On the other hand, if the image is formed in the second nodal 
plane, its size, as has just been shown, will be 


nN 


Yrt1>= Y'- 


Nm+ 1 


If G. denotes its distance in this case from the second focal point, then 


and therefore by equation (9c), 


nN 


G.= 


Bo Fi) feu | eee es (10a) 


Nm+ 1 


Accordingly, the distance between the second principal plane and the 
second nodal plane is 


Q.=F,—G, 
=F,—F;). 


The nodal planes are a pair of conjugate planes; and if a; denotes the 
distance of the first nodal plane from the first principal plane, that is, if 
m4=GQ—Fi, 

then by equation (8a), we have: 
Fy FP, i 
as hue ’ 


hence 


=A.=F,—-F, 


G,=F2 (10b) 


and 


Ci. Units» alias Suboee eAteiuauiedacibey 


64, 65.] §9. Laws of Optical Imagery 81 


The Cardinal Points of a Compound Optical System, Composed of Two 
Systems with Axes in Same Straight Line 


The two component systems are designated in Fig. 38 by A and 
B. The focal points and principal points of system A are designated 
by p, p- and a., a, respectively; and the focal points and principal 
points of system B are designated by m, m, and a, a, respectively. 
Let d denote the distance of the first principal point of system A from 
the second principal point of system B; this interval being taken as 
positive when, as in Fig. 38, the point a lies beyond the point a. 
The focal lengths of the first system are a-p-=f. and ap. =f, and 


Fig. 38. 


those of the second system are am =y and avm,=g. Evidently, 
the first focal point (7-) of system B is the image of the first focal 
point (t-) of the compound system as formed by system A. Hence, a 
ray which in the first medium crosses the axis at t, will, after traversing 
system A, cross the axis at 7 and emerge finally in the last medium 
along a straight line parallel to the axis; because by definition this 
must be the case with a ray that crosses the axis originally at the first 
focal point of the compound system. Since a1 =d—g., we have: 

— (de )fr ) ee eee ere lla 
elie a4 (11a) 
Similarly, the second focal point (t..) of the compound system is the 
image of the second focal point (p--) of system A in system B. Hence 

Se os ne 

ee ae ( ) 

The principal points of the compound system are a pair of conju- 
gate points with respect to it. Accordingly, there must be a point on 
the axis which is the image of the first principal point in system A, and 
at the same time whose image in system B is at the second principal 
point of the compound system. Suppose this point is at s in Fig. 38 and 
that 7, 7 are the principal points of the compound system. If s 
is the image of 7, in system A, and if r., is the image of s in system B, 
then r,, is the image of r- in the compound system. This is one of the 
conditions that these points must satisfy; the other condition being 
that object and image in the principal planes must be equal in every 
way. Suppose, therefore, that an object of height 8. is set up at the 


a 
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point r,, and that the image of this object in system A is formed at s 
and has the height o;and that the image of o in system B is formed at 
r and has the height 6. Putting z=a,s, and y=sa-, we get from 
equation (8b): 


Br Je 

G,. fu 2 
Brincres 3 
7+ Pry, 


Misa ws 
fu-a gy 
or 
Se an Oe Re ee LL 
Por (11e) 
or 
us _ ws 
ap am 


Thus, we have the following rule for finding the point s in the 
medium common to the two component systems A and B, which is 
conjugate with respect to both systems to the principal points (r,, 7/-) 
of the compound system (A+B): Divide the interval between the 
second principal point (a-,) of system A and the first principal point 
(a-) of system B in two parts which are in the same ratio as the second 
focal length of system A is to the first focal length of system B. 

Since x+y =d, then according to equation (11c), 
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Hence, 


By using the above value of z, the distance ar, =h, of the first principal 
point of the compound system from the first principal point of system 
A may be found, as follows: 
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Similarly, the distance ar,,=h,, of the second principal point of the 
compound system from the second principal point of system B is 
given by 
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Thence, we obtain the following expressions for the focal lengths 
(F., F.-) of the compound system: 
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Having found the positions of the principal points and focal points, 
we can easily locate the nodal points; because the distance of the first 
nodal point from the first focal point is equal to the second focal 
length, and the distance of the second nodal point from the second focal 
point is equal to the first focal length. 

But if it is required to find the positions of the nodal points without 
having ascertained those of the principal points, a process similar to 
the above can be employed, by utilizing the fact that the lengths of 
conjugate lines in the nodal planes are inversely proportional to the 
indices of refraction of the respective media. 

For example, in Fig. 38 suppose that the points designated by 
a, d and a’, a are the nodal points of systems A and B, respectively; 
and that the points designated by 7, r, are the nodal points of the 
compound system; so that now 
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Let 8- denote the height of an object in the first medium placed at r., 
and let « denote the height of its image in system A, which will be 
formed at s; and, finally, let 8., denote the height of the image of ¢ 
in system B, which will be formed at r,,; then according to the property 
of the nodal points, 
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If n-, n» denote the indices of refraction of the first and last media, 
and if » denotes the index of refraction of the intervening medium 
between the two components of the compound system, we must have 
for the nodal planes: 
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This same equation was obtained above as equation (1lc) on the 
assumption that the points designated by a, av, a, a, 7, and r-, were 
the principal points. Accordingly, the positions of the nodal points of 
the compound system, with respect to those of the component systems, 
are found by exactly a similar process as was used for finding the 
principal points. 

The simplest case is when the compound system is a combination of 
two spherical refracting surfaces, and it will be worth while to give 
the special formulae for this system. If the radii of the first and 
second surfaces are denoted by 7: and 72, respectively, and if d denotes 
the distance of the vertex of the second surface from that of the 
first; and, finally, if ni, n2, m3 denote the indices of refraction of the 
three media in their actual order, then by equations (3a) and (8b): 
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By way of abbreviation, put 


no(ng—Nne2)11+ne(ne—n1)r2— (n3—Ne2)(n2a—n1) ad=N. 
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Then the focal lengths are 
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The distances of the principal points from the two surfaces are 
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and the distance of these points from each other is 
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For d=0, we have hi=h,=H =0, and 
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If in these equations we put r2=71, we obtain: 
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In this case the focal points and principal points are exactly the same 
as if there were only a single refracting surface; the result is indepen- 
dent of m:. Therefore: 

In considering any system of refracting spherical surfaces, we may 
think of each surface as replaced by an infinitely thin layer of arbitrary 
index of refraction, bounded by concentric spherical surfaces, without in 
any way altering the optical properties of the system. 

This proposition will serve later to simplify many of our discussions. 

Lastly, the formulae will be given for lenses with spherical surfaces 
surrounded by the same medium on both sides (n3=71): 

NyNogViLo : (13) 
(m2—1)[N2(r2 171) + (2-1) d] 
In this case the nodal points are the same as the principal points, and 
their distances from the two vertices are: 
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these distances being reckoned positive or negative according as the 
principal points are outside the lens or inside it, respectively. The 
interval between the principal points is 


Hegel GON |. ivtet feet enh) 
N2(T2—11) + (n2—M1)d 

The optical centre of the lens is the point on the axis which is con- 
jugate to the first nodal point with respect to the first surface, and to 
which therefore the second nodal point is conjugate with respect to the 
second surface; its distances from the two surfaces are proportional to 
the radii. 

Evidently, so far as the position and size of the image is concerned, 
two optical systems are equivalent in their effects, provided their focal 
points and principal points have the same positions; and provided also 
the first and last media of the two systems are the same; because .the 
ratio of the indices of refraction of these media cannot be changed 
without altering the ratio of the focal lengths. Thus, one optical 
system can be substituted for another one if they both have the same 
focal length and the same interval between the pair of principal points, 
the first and last media being the same for both systems. In a system 
composed of two refracting surfaces, the two factors above mentioned 
involve only the four magnitudes denoted by 71, rz, m2 and d and 
therefore a system with only two refracting spherical surfaces may 
always be substituted for a centered system of any number of surfaces; 
in the sense that the images in the two cases will be exactly the same 
as to both size and position. Asa matter of fact, we may even impose 
two other conditions on the simple system, as, for example, that the 
interior medium shall have a certain index of refraction, ete. 

We shall now consider the several kinds of lenses;! that is, systems 
composed of two refracting surfaces separated by a distance less than 
either radius of curvature, surrounded on the outside by a single 
medium, which has a lower index of refraction than that of the interior 
medium. We shall often have occasion to speak of systems of this 
kind, which may be classified by their form, as follows: 

1. Double Convex Lens, in which both surfaces are convex, that is, 
r, is positive and r, negative, and hence, according to formula (13), the 
focal lengths are positive. As the distances of the principal points from 
the surfaces are both negative, these points lie inside the lens; but since 


1 |The author seems to have specially in mind here ordinary glass lenses surrounded 
by air. It is perfectly possible, however, to think of an air lens surrounded by glass. Nor 
is it necessary that the thickness of the lens should be limited as stated in the text. More- 
over, a perfectly general definition must include astigmatic lenses (cylindrical lenses, toric 
lenses, etc.) and other aspherical lenses. (J. P. C. 8.) 
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the interval between them is positive, the first principal point is in 
front of the second. The positions of the focal points (p,, p2) and the 
principal points (h;, he) of a double 
convex lens are indicated in Fig. 39, 
where the first and second numerals 
designate the first and second sur- 
faces. A plano-convex lens is a 
special form of double convex lens 
in which one of the radii of curva- Fig. 39. 
ture is infinite, and consequently 
one of the principal points lies at the vertex of the curved surface. 
2. Double Concave Lens, in which both surfaces are concave, that 
is, 7, is negative and r2 positive, and hence the focal lengths are nega- 
tive. Here also the distances of 
the principal points from the 
surfaces are both negative, that 
is, these points lie inside the lens; , 
and since they are separated by a 
positive interval, the first princi- 
pal point lies in front of the 
second, as shown in Fig. 40, 
which is a diagram of a double concave lens, the same letters 
being used here to designate the focal points and principal points as 
in Fig. 39. A plano-concave lens is a special form of double concave 
lens with the radius of one surface infinite, so that, just as in a plano- 
convex lens, one of the principal points coincides with the vertex of the 
curved surface. 
3. Meniscus Lens, in which both radii are positive or both negative, 
It is sufficient to consider simply the case when both radii are positive, 
as all we have to do then is to turn the lens around in order to have 
the case when both radii are negative. The focal lengths are positive, 
provided 


n2(retd—r) >nid; 


but they become infinite when these two expressions are equal, and 
negative when the left-hand member is less than the right-hand 
member. The expression within the parentheses is the distance of the 
centre of curvature of the second surface from that of the first. If the 
second centre lies beyond the first, the lens will be thicker in the middle 
than at the edge; but in the opposite case, it will be thinner in the 
middle. Thus, the focal lengths of a meniscus lens are positive or 
negative according as the lens is, or is not, thicker in the middle than 
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it is at the edge. The first principal point of a meniscus lens lies 
before the convex surface (that is, on its convex side), when the focal 
length is positive; and may be very far away if the focal length is 
very great, and infinitely far when the focal length is infinite. When the 
focal length is negative, the first principal point is situated beyond the 
convex surface (that is, on its concave side), and likewise recedes to 
infinity when the focal length becomes infinite. The second principal 
point of a meniscus lens lies in front of the concave surface of the 
lens (that is, on its convex 

Lie side), when the focal length is 
A sae as positive, and beyond this sur- 
face when the focal length is 
Fig. 41. negative, being at infinity 
when the focal length is in- 

finite. For a positive focal length, the second principal point always 
lies beyond the first, that is, nearer the lens. If the focal length is nega- 
tive, the second principal point lies beyond the first, that is, farther from 
the lens provided the lens is thinner at the middle than towards the edge; 
but it lies in front of the first principal point when the lens is thicker 
in the middle and 
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two surfaces of the 
lens are concentric, 
the two principal 
points coincide with 
each other at the 
common centre of 
rea curvature. A men- 


= ‘ iscus lens with 
positive focal length is shown in Fig. 41. Both meniscus lenses in the 


next two diagrams have negative focal lengths, but the one in Fig. 42 
is thinner in the middle than out towards the edge, whereas it is just 
the other way in Fig. 43. In all three lenses the centres of the first and 
second surfaces are designated by ¢: and cs, respectively. The focal 
points are never inside the lens, and are always on opposite sides of it. 


In case the focal lengths of the system are equal, the image-equa- 
tions (8a) and (8b) become: 
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1 This remark applies only to the type of lenses last mentioned. G. 
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In the case of lenses with positive focal length (convergent or positive 
lenses, as they are called), the image of an infinitely distant object 
(f: = 00) lies beyond the lens in its second focal plane, is real and in- 
verted, and is infinitely small as compared with the object itself. As 
the object is brought nearer the lens, the image, which is still real and 
inverted, recedes from the lens and gets bigger, until finally when the 
object arrives in the first or anterior focal plane (f;=F), both the 
distance and size of the image are infinite. This is easily seen from 
equation (14), which may be written 


[be ek 

faoPige 
by giving f: any values from © to F,in which case the corresponding 
values of f2 will be found to increase from F to ©. The image is in- 
verted, that is, the sign of 


B2=—B aes 

continues negative so long as f; is greater than F; and as f; diminishes 
from © to F, B: assumes all negative values from 0 to — ©. 

Similarly, it may be shown that as the object proceeds from the 
first focal plane to the first principal plane, fz assumes all positive 
values from © to 0;so that the image now is virtual and erect and lies 
in front of the lens on the same side as the object, proceeding from 
infinity until it arrives in the second principal plane, where it has the 
same size as the object. 

Finally, for negative values of f:, the object itself is virtual, and 
in this case f. will always be positive and numerically less than /f,, 
the image being real and erect and smaller than the virtual object. 

Thus a convergent lens converges parallel incident rays to a real 
focus on the other side of the lens. Convergent incident rays are made 
still more convergent, and divergent incident rays less divergent or 
even convergent, according as they proceed from a point on the axis 
nearer to or farther from the convergent lens than the first focal point. 

Lenses with negative focal lengths are called divergent or negative 
lenses, because they make parallel incident rays divergent, divergent 
rays still more divergent, and convergent rays less convergent or even 
divergent. If the absolute value of the focal length is denoted by P, 
that is, if P= —F, then for a divergent lens 
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Thus the values of f. corresponding to all positive values of f; will be 
found to be negative, so that as f: decreases from © to 0, f2 will vary 
from —P to 0, and 6, from 0 to #;. A divergent lens therefore gives a 
virtual image of a real object anywhere in front of the first principal 
plane, the corresponding image being erect, smaller than the object, 
and nearer the lens and in front of the second principal plane. The 
values of f. corresponding to negative values of f; that are numerically 
less than P are positive, and as f; assumes all values between 0 and 
—P, f. has all positive values, and 62 changes from 6, to 0%. Thus con- 
vergent incident rays are made less convergent provided they are 
directed originally to a point on the axis nearer the lens than the focal 
point. For negative values of f; numerically greater than P, f, and 
B2 are both negative, and in such cases the image in a divergent lens is 
virtual andinverted. As/f: varies from —P to — ©, f. varies oppositely 
from — © to —P,and #2, from — © to 0. Hence rays originally con- 
verging towards a point beyond the further focal point are made 
divergent by a divergent lens. 

The distance e between a pair of conjugate points on the axis is 
equal to fita+f2, where a denotes the interval between the principal 
points; e being counted as positive when the image point lies beyond the 
object-point. Substituting for f. its value, we obtain as the expression 
for this distance 
ie 
ara 
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Differentiating this equation with respect to f,, we have: 
de_fr-2fiF 
df, (fi—F)? 
Hence, de=0, that is, this interval e is a maximum or minimum, 
provided either f;=0 or f:=2F. As a matter of fact, whether the focal 
length of the lens is positive or negative, e is a minimum for f;=2F 
and a maximum for f; =0, as is easily seen from the expression for e. 


The following is a partial list of works which contain a treatment of the 
theory of refraction by a centered system of spherical surfaces:! 


1 {This list is by no means complete. For example, H. Coppineron’s A Treatise on 
the Reflection and Refraction of Light (London 1829) should certainly be included, as well as 
Sir W. R. Hamitron’s papers on “Theory of systems of rays” in Trans. Roy. Irish Acad., 
xv (1828), 69-174; xvi (1830), 3-62, 93-126, and xvii (1837), 1-44. (J. P. C.S.) 
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1738. Cores in Smiru, A compleat system of opticks. Cambridge. Vol. II. 
p. 76. 
1757, 1761. Ever in Histoire de l’ Acad. roy. de Berlin pour 1757. p. 283.—Ibid., pour 
1761. p. 201. 
1765. HueEr, Précis d'une théorie générale de la dioptrique in Hist. de V’acad. roy, 
des sc. de Paris, 1765. p. 555. 
1778, 1803. Lacrance in Nouv. Mém. de Vacad. roy. de Berlin pour 1778. p. 162.—Ibid. 
1803. p. 1. 
1882. Prova in Effemeridi astron. di Milano per 1822. 
1830. Mésrus in Crees Journal fiir Mathematik. Bd. V. S. 113. 
1841. *Brssex in Astronom. Nachrichten. Bd. XVIII. S. 97. 
*Gauss, Dioptrische Untersuchungen. Gottingen Reprint from Abhandl. d. 
Kon. Ges. d. Wiss. zu Gottingen. T.1. for years 1838-43. 
1844. Encxe, De formulis dioptricis. Ein Programm. Berlin. 
Moser, Ueber das Auge, in Dovr’s Repert. d. Physik. Bd. V. S. 289. 
1851. Listine, Art. Dioptrik des Auges, in R. Wacners Handwérterbuch d. 
Physiologie. Bd. IV. 8. 451. 


§10. Optical System of the Eye! 


In its optical behaviour the eye is essentially like a camera obscura.? 
In order for a luminous point to be seen distinctly, the light diverging 
from it must be refracted by the media of the eye and thereby con- 
verged at some point of the retina. On the surface of this membrane a 
real optical image is projected of the external objects in view, which is 
inverted and very much reduced in size. By carefully removing a 
central portion of the sclerotica and choroid coating at the back of a 
freshly enucleated eye, thus exposing the retina from behind, and then 
pointing the cornea towards a bright object, a small, inverted image, 
as above described, can actually be seen on the retina, sharply defined.’ 
A still better plan is that of GrRLING,‘ in which a small portion of the 
retina is removed with a needle and a little plate of glass or mica 
inserted in the opening. It is quite easy to observe the retinal image 
in the eye of a white rabbit, the choroid of which is devoid of pigment. 
In this case it is not even necessary to remove the hard coating, as the 
image can be seen through it, not as distinctly, of course, as when the 
retina itself is directly exposed, but clearly enough to recognize and 
locate it. It is even possible to see the image sometimes through the 
sclerotica of the eye of a live individual, especially if he is blond and 
has bright blue eyes which usually contain scant pigment in the 
choroid coating. The patient is taken into a dark room and made to 
turn his eye towards the temporal side, so as to expose the white eye- 

1See Appendix II on “Refraction of Rays in the Eye” at end of Part I. G. 


2 {This comparison was made by J. B. Porta (1545-1615), the inventor of the “pinhole 
camera” and camera obscura. (J.P. C.8.) 

3 §This experiment was performed by C. Scuerner (1573-1650), first, with eyes of 
sheep and oxen and, in 1625, with a human eye. Keprer had already inferred that the 
image must be formed on the retina, although Porra seems to have supposed that it was 
focused in or on the crystalline lens. (J. P. C. 8.) 

4 Poagenporrr, Ann. XLVI. 243. 
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ball well around towards its rear surface. When a candle is held a 
little to one side of the averted eye, its image will be visible on the 
inner side of the retina, and frequently it sparkles so clearly through 
the translucent coatings of the eye that its inverted position, the tip of 
the flame, and the wick at its base, can be recognized.! 

The best method of investigating the retinal image in the living 
eye is with an ophthalmoscope, which will be described in §16. With 
the aid of this instrument, it is possible to look directly in the eye from 
the front and see clearly not only the retina itself and its blood vessels 
but the optical images that are projected on it. That this is actually 
the case is proved by the fact that if the eye under examination is 
focused on an object that is bright enough, a distinct and sharply 
defined image of it may be seen by the observer on the surface of the 
retina. 

As has already been mentioned in describing this membrane, there 
is in the fundus of the eye a small area of the retina of peculiar structure 
known as the yellow spot. At its centre is a small depression, the fovea 
centralis, where the blood vessels which ramify all over the rest of the 
retina are entirely lacking. Here there is nothing but nerve tissue; 
and in fact the retinal membrane itself at this particular place appears 
to be composed entirely of nerve cells and cones. Physiologically, as 
the place of direct vision, it is of the highest importance. Whenever we 
look directly at anything and fix it in the eye, its image falls on the 
fovea.” This fact, which had long been inferred from the special struc- 
ture of the yellow spot, can be verified directly with the ophthal- 
moscope. When the entire retina is illuminated, the location of the 
yellow spot is easily recognized by the absence of blood vessels. In the 
middle of this veinless area, where the fovea is, there is a peculiar bright 
place, described first by Coccrus,* which he explains as a reflex from the 
foveal cavity. Moreover, DonpErs‘ has shown that this bright reflex 
appears always at that part of the retinal image that corresponds to 
the point of fixation in the field of view, and the writer has verified this 
observation. From the position of the so-called foveal reflex it is 
possible to tell exactly the point of fixation of the eye in the field of 
view, and by directing the patient to look first at one place and then at 
another, the observer can watch the reflex being focused at the cor- 
responding place in the retinal image. The method of procedure will 
be described in §16. 


1 VOLKMANN, Article: Sehen in Wacaners Handworterbuch d. Physiologie. S. 286-289. 
? {This is called direct vision or foveal vision. (J. P. C. 8.) 
5 Ueber die Anwendung des Augenspiegels. Leipzig 1853. S. 64. 


* Onderzoekingen gedaan in het Physiolog. Laborat. d. Utrechtsche Hoogeschool. Jaar VI. 
S. 133. 
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Usually the optical image on the retina is not perfectly sharp 
except in the vicinity of the axis of the eye, and farther off it is not so 
well defined. Ordinarily, therefore, the point of fixation is the only 
point in the field of view that is seen distinctly at any one time, every- 
thing else being more or less vague. The vagueness of indirect vision is 
apparently due to diminished sensitivity of the retina outside the 
foveal region, because even a short distance out when the image is still 
sharply outlined the impression is not very distinct. The eye is an 
optical contrivance of remarkably wide field of view, but it is only 
within a very limited part of this field that the images are clear-cut. 
The entire field is like a drawing which is carefully executed to delineate 
the most important central part of the picture, while the surroundings 
are simply sketched in, more and more lightly out towards the borders. 

However, in virtue of the mobility of the eye, it can be quickly 
focused on the various parts of the field in succession. A human being 
cannot attend to more than one object at a time, and the one point 
that he can see distinctly is enough to occupy him fully at that moment. 
Still, the ‘attention is often distracted by the details, and then, in 
spite. of the vagueness of the broad field of view, the eye is capable of 
_taking in at a rapid glance the main features of the whole surroundings, 
and of noting immediately the sudden appearances of new objects in 
the remoter parts of the field. 

The field of view of a single eye is determined by the diameter of the 
pupil and its position with respect to the edge of the cornea. By 
observing his own eye in a mirror in a dark room, with a light placed to 
one side, the author found that he could perceive the presence of the 
light so long as rays from it fall on the opposite edge of the pupil and 
enter the pupil itself. Therefore any light which passes through the 
cornea and enters the pupil must fall on some sensitive part of the 
retina. It is true that the pupil lies somewhat farther back than the 
outer edge of the cornea, but owing to the refraction by the cornea, rays 
can enter the pupil through the edge of the cornea even when they 
were originally perpendicular to the optical axis of the eye. Thus the 
field of view of the eye is approximately a hemisphere, which is wider 
than that of any artificial optical instrument. There are, of course, 
individual variations in different eyes, depending on the diameter and 
position of the pupil. In near vision the pupil is displaced a little 
towards the cornea, thereby increasing the field somewhat; as the 
author can readily see in his own eye by holding a bright light at the 
outer edge of the field. 

Part of the field of view of each eye separately is intercepted above 
and below and on the inside by cheeks, eyebrows, and nose; on the 
outside, however, the field is entirely unobstructed. But both eyes 
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together, directed straight ahead into the distance, command an hori- 
zontal are of 180° or more. The extent of the field is greatly increased 
beyond this by the rotatory movements of the eyes, which will be 
discussed later. 

Rays from a distant point entering the eye are first refracted by the 
cornea so that, without being again intercepted, they would come to a 
focus about 10 mm beyond the retina. Thus converging, they traverse 
the anterior chamber of the eye and arrive at the crystalline lens, where 
they are made still more convergent and may, therefore, be brought to 
a focus on the retina itself. 

The main refraction occurs at the cornea. Next in importance 
are the refractions at the anterior and posterior surfaces of the crystal- 
line lens. However, there are refractions also in the interior of the lens 
at the boundaries of its separate layers, since these latter have different 
densities. All these refracting surfaces may be regarded approximately 
as surfaces of revolution around a common axis. Although in most 
human eyes the axis of the various surfaces are apparently not strictly 
coincident, the variations are so slight as to be negligible in effect so far 
as the position and size of the image are concerned; so that the eye 
may be regarded as a centered optical system. 

The axis of this system, or the axis of the eye, as we call it, coincides 
approximately with the straight line joining the vertex of the cornea 
with a point on the retina between the yellow spot and the place where 
the optic nerve enters the eyeball. 

The positions of the focal points, principal points and nodal points 
of the eye are subject to rather considerable individual variations. 
Measurements of different eyes and of each of their refracting surfaces 
are often found to differ to a rather surprising extent, when we consider 
the refinement of construction and adjustment required in such an 
organ. Moreover, it will be seen later on that even in the same eye, 
the cardinal points change their positions during the act of accommoda- 
tion. About all that can be said definitely as to the positions of the 
cardinal points in the normal eye, adjusted for distant vision, is that the 
two principal points are very close together, as are also the two nodal 
points. Both principal points lie near together about midway in the 
anterior chamber of the eye, while the nodal points are very near the 
posterior surface of the crystalline lens, and the second focal point is 
on the retina. 

Since it is necessary for many purposes to have at least approximate 
values of the optical cqnstants of the eye, the values of Listina’s 
schematic eye are tabulated herewith. They were obtained by com- 
piling the measurements available at the time as well as possible and 
expressing the results in simple integers. 
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The data assumed by List1N@ are as follows: 


Pra INGex OLTeracliOn OL Hr 4 eee ee 1 
2. Index of refraction of aqueous humor................ 103/77 
3. Index of refraction of crystalline lens................ 16/11 
4. Index of refraction of vitreous humor................ 103/77 
3. Radius Of curvature of comes...................... 8 mm 
6. Radius of curvature of anterior surface of lens........ 1Oe 
7. Radius of curvature of posterior surface of lens....... Goa 
8. Distance between anterior surfaces of cornea and lens.. 4 “ 
Crag lunicknesstoltlenss- enone te oe Ce tee ee 4a 


From these data he calculated the following: 

1. The first focal point is located 12.8326 mm in front of the cornea, 
and the second focal point 14.6470 mm beyond the posterior surface of 
the lens. 

2. The first principal point is 2.1746 mm, and the second principal 
point 2.5724 mm, beyond the anterior surface of the cornea, so that 
their distance apart is 0.3978 mm. 

3. The first nodal point is 0.7580 mm, and the second nodal point 
0.3602 mm, in front of the posterior surface of the lens. 

4. Accordingly, the first focal length of the eye is 15.0072 mm, and 
the second focal length is 20.0746 mm. 

The positions of the principal points h., h., the nodal points 
k., k--, and the focal points F.,F., as found by Listine, are shown in 
Fig. 44. Among the data employed in these calculations, the only 
ones about which there might be some question are the index and radii 
of the lens. However, the focal length of the lens as calculated from 
these data agrées so well with direct measurements of this magnitude 
as made by the writer, that the optical effect of the lens in LisT1na@’s 
schematic eye cannot, at any rate, differ essentially from that of the 
natural eye. The values that are important for the refraction of the 
cornea are based on sufficiently reliable measurements. There is no 
reason to doubt, therefore, that Listine’s model agrees about as 
well with the actual facts as can be expected with the wide range of 
variation that exists in individual eyes. 

With the cardinal points of the eye as given above, the construction 
described in §9 can be used to trace the path of a given incident ray 
after its last refraction, and likewise the position of the image of a 
luminous point anywhere near the axis of the eye. Since, as just seen, 
the two nodal points of the eye as well as the two principal points are 
very close together, each pair may be regarded as a pair of coincident 
points, without seriously impairing the accuracy of the results. Thus 
is obtained a still simpler optical model, which ListiNne calls the 
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reduced eye.. The double principal point of this eye is 2.3448 mm 
beyond the anterior surface of the cornea, and the nodal point (« in 
Fig. 44) is 0.4764 mm in front of the posterior surface of the lens, the 
focal points being unchanged. The optical behaviour of this reduced 
eye is equivalent to that of a single spherical refracting surface whose 
centre and vertex are at the nodal point and principal point, respec- 
tively, the first medium being air and the second medium the aqueous 
or vitreous humor. The radius of curvature of such a surface would be 
5.1248 mm. Many problems, in which only the size and position of the 
image are required, are greatly simplified by using this equivalent 
spherical surface. In Fig. 44 the surface is shown as the dotted are ll, 
with its centre at x. 


Fig. 44. 


If, as often happens, we know in advance that the image is focused 
on the retina, and all we wish to do is to find the position of the image 
of a given point, the nodal points are sufficient for the purpose; and 
if it is permissible to regard the nodal points as coincident, as in the 
reduced eye, the position of the image may be located by drawing a 
straight line from the luminous point to the nodal point and prolonging 
it to meet the retina. A straight line drawn in this way may be called 
a line of visual direction. The nodal point considered as single is there- 
fore the point of intersection of all the lines of visual direction. The 
two parts of such a line that are in the air in front of the cornea and 


1 qList1N@’s reduced eye is very similar to the “simplified eye’ imagined by Huycmns 
in the first part of his Dioptrica (1652). (J. P. C. 8.) 
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beyond the lens in the vitreous humor.are parts of the actual path of a 
certain ray, which may be called a directionray. The path of adirection 
ray coincides with a line of visual direction except along the part of 
its path that is comprised between the anterior surface of the cornea 
and the posterior surface of the lens. 

If, however, it is desired to make the exact construction, using the 
two separate nodal points, it is necessary to distinguish between two 
lines of direction which are parallel to each other, one being drawn from 
the luminous point to the first nodal point and the other through the 
second nodal point to the image point on the retina. The part of the 
first line which is outside the eye and the part of the second line in the 
vitreous humor are portions of the path of a single ray, namely, the 
so-called direction ray above mentioned. 

That one of the direction rays which comes from the point of 
fixation and therefore proceeds to the fovea is called the visual azis; 
or, rather, the visual axis is the line drawn from the point of fixation to 
the first nodal point of the eye. Formerly, the yellow spot was gener- 
ally supposed to be located at the terminus of the optical axis of the eye, 
and the visual axis and optical axis were regarded as identical. How- 
ever, the writer’s investigations have shown that these lines are quite 
distinct from each other. As a matter of fact, the part of the visual 
axis lying in front of the eye is on the nasal side and usually somewhat 
above the optical axis, so that the fovea centralis is on the temporal side 
and usually a little below the optical axis. In Fig. 44, which represents 
a horizontal section of the eye, the visual axis is shown by the lines 
G.G.., and the optical axis by the line FF, in their relative positions as 
found by the writer in a normal eye. The upper part of the diagram 
represents the outer or temporal side of the eye, and the lower part the 
nasal side. 

In studying the refraction of the several media of the eye, it is 
convenient to consider the eye as a compound optical system com- 
posed of two partial systems, the cornea and the crystalline lens. 
The corneal system is bounded by air on one side and the aqueous 
humor on the other side. The aqueous humor is also the first medium 
of the lenticular system, and the vitreous humor is the last medium. 

Beginning with the cornea, we find the problem of its optical per- 
formance is materially simplified by the fact that this system is merely 
a thin shell whose two surfaces have nearly the same curvature and 
whose index of refraction is only slightly greater than that of the aque- 
ous humor. In §9 in connection with equations (12), (12a) and (12b) 
it was shown that at any interface between two media an infinitely 
thin layer of arbitrary index of refraction, bounded by surfaces of equal 
curvature, can be inserted in the system without having any effect 
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on the procedure of the rays. Here let us suppose, therefore, that such 
a layer of liquid material is interposed in front of the cornea, as in fact 
is actually found there in the layer of tears that moisten the outer 
surface of the cornea. Thus the whole corneal system, apart from the 
air in front of the eye, may be considered as a lens like a watch-crystal 
surrounded by aqueous humor on both sides. A lens of this descrip- 
tion has a very long focus and does not, therefore, appreciably deflect 
the light traversing it. Consequently, we may just as well consider 
the aqueous humor as extending clear out to the anterior surface of the 
cornea; and indeed this assumption is usually made in discussing the 
geometrical optics of the cornea, and is almost necessary for the reason 
that, while the measurements of the outer surface of the cornea are 
accurate enough, the data with respect to the inner surface are not 
sufficiently reliable. 

If the focal length is supposed to be infinite, it follows from equation 
(13), §9 that 

no(r2—11) + (m2—m1)d=0, 

where 7; denotes the index of refraction of the aqueous humor, n2 
that of the corneal substance, d the thickness of the cornea, and 
71, To the radii of the anterior and posterior surfaces, respectively. 
But as a matter of fact this equation is not true in case of the cornea. 
If it is written 


d 
(re+d) Sry ="! 


where (72+d) is equal to the distance of the centre of curvature of the 
posterior surface from the vertex of the anterior surface, we can see 
that it implies that the centre of curvature of the posterior surface lies 
beyond that of the anterior surface, in which case the corneal substance 
would be thicker in the middle than out towards the edge, which as a 
rule is contrary to the fact. Regarding the cornea as a lens immersed 
in aqueous humor, we find that it actually has a very long, negative focal 
length, and is a meniscus lens of the type described towards the end 
of §9. 

Taking 7, =8 mm, ™=7 mm, d=1 mm and (according to 
W. KRAUSE) ”2=1.3507, n, =1.3420, the focal length of the cornea 
immersed in aqueous humor is found by equation (13) to be equal to 
—8.7 metres; a value which, as compared with the dimensions of the 
eye, may be regarded as practically infinite. This result has been 
confirmed by the writer’s measurements with the ophthalmometer. 
The size of an object as seen through a glass vessel with vertical parallel 
walls which was filled with water was measured with this instrument. 
When a freshly dissected human cornea was immersed in the water 
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and the object observed through it, the reduction in the size of the 
image could not be detected with the ophthalmometer. Whatever 
change may have occurred in the appearance of the image, it was so 
slight as to escape notice. 

In order to get an idea as to what extent the actual refraction of the 
eye differs from what it would be if the index of refraction of the 
cornea were really equal to that of the aquéous humor, the optical con- 
stants of the cornea may be calculated by equation (12), §9, by putting 
m=1, n=Nn, N2=N+An, T1=7, 72 =r—Ar, where the magnitudes de- 
noted by An, Arand the thickness of the cornea (d) must all be regarded 
as very small in comparison with n and r. Substituting these values, 
at the same time neglecting the higher powers of the small quantities, 
we find for the focal lengths: 


ees ep _,,.(n—1)d—nAr sk Eve 
nr, ae ane — n(n—1)r ; (1) 


; A r ki 
The difference between this and the value aye obtained by putting 


An =0 is a small magnitude of the second order. Likewise, the distance 
(a) of the first principal point from the anterior surface of the cornea 
calculated as above turns out to be 


d.An 
ue . . . . . ° ° (1a) 


The interval (a) between the two principal points is indeed of the 
third order of smallness, namely: 


2 
OO Ae ow DAD) 
nr 


For calculation of images, therefore, it is accurate enough to assume 
that refraction occurs simply at the anterior surface of the cornea and 
to put the index of refraction of the cornea equal to that of the aqueous 
humor. 

The second part of the optical system of the eye is composed of the 
crystalline lens, bounded by the aqueous humor in front and the 
vitreous humor behind, The indices of refraction of these two humors 
are so nearly the same that the difference may be ignored. In an opti- 
cal system surrounded by the same medium on both sides, the principal 
points coincide with the nodal points. Thus, just as in an ordinary 
glass lens surrounded by air, these two pairs of points in the optical 
system of the crystalline lens are identical. But the crystalline lens 
differs essentially from a glass lens because the density of its substance 
is not uniform but increases from the outside towards the central part. 
Being ignorant of the exact law of this increase, we are not in position 
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to trace in detail the passage of the rays through the lens, or to deter- 
mine the exact positions of its focal points and prineipal points; and we 
have therefore to be contented with finding their approximate posi- 
tions. In this connection the following propositions may be stated. 

1. The focal length of the crystalline lens is less than ut would be vf the 
index of refraction of the entire lens were uniform and equal to the index of 
the lens-core. 

In order to demonstrate this important fact, imagine the crystalline 
lens resolved, according to its natural lamellar structure, into the core, 
which is an almost spherical double convex lens of positive focal length, 
and the separate layers surrounding it, which near the axis of the eye 
correspond to lenses of meniscus type, which get thicker, or at least 
not thinner, -towards the edge; and for which, therefore, m12r2+d 
(see end of §9), where 7: denotes the radius of the convex surface, 72 
that of the concave surface, and d the thickness of the lens. In such 
cases, according to equation (13), §9, the focal length is negative. 
The positions of the principal points hi, h2 and of the focal points 
Pi, P2 in a lens of this type are shown in Fig. 42. 

Referring to Fig. 45, let a., a, designate the vertices of the lens, 
c-, c-, the centres of the two surfaces, and h., h,, the positions of the 
principal points. This lens will produce a virtual, erect and reduced 
image (8) of an object situated at a 
point 6 in front of the first (convex) sur- 
face. As shown in §9, this image lies 
not only in front of the second principal 
point, but invariably also in front of 
the second surface of the lens; for if 
bh.>ah, then gbh:>ah, where a is 
the point on the axis of the lens con- 
jugate to the vertex a. But the image 
of the point a is due to a single refraction at the second surface of 
the lens, and since the focal length of this surface is negative, the 
image (a) of a will be nearer to the surface and in front of it. There- 
fore, 8, which is farther back than a, must necessarily be in front of 
the posterior surface of the lens. 

Now it may also be shown that for an object (6) in front of the first 
vertex (a-) of the lens, the image (8) will be nearer the second surface 
when the index of refraction is greater. It is easy to see that this is so 
when the object is at a and its image at a. Thus, by equations (3), 
§9, putting aa, =q, we have: 


Fig. 45. 
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or 


- nyrod 4 
NoF2+ (ne —n)d 


Evidently, the value of q decreases as m2 increases. Now if it can 
be shown that, when n2 becomes greater, the image of b approaches 
nearer to a, this means that under these circumstances this image also 
approaches the second surface of the lens. Put bh. =f., ah. =p (which 
corresponds to the length —h, in equations (13a) of §9); then the dis- 
tance of the second principal point from the image (8) is 


PF 

F=f: 

where F denotes the focal length of the lens; and the distance of the 
same principal point from the point a which is the image of a. is 


pF 
ans: = ——* 


ip 
Subtracting, we find for the interval between these two images: 


(f—)F? 
Pf) F=p) 


Mig 


~TF=p_ f-—p] F=p 
F F F 


Bie 


Ba= 


Putting 


and substituting the values of F and p= —h, as given by equations 
(13) and (13a), §9, we have: 


c=1+(1-7)e 


If the absolute value of the focal length is denoted by P, that is, if 


Ni 172 
P=—F= ’ 


(i) [n2(7 1—Tr2—d) +n1d] 


then 
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From the expressions above, it is evident that C increases and P 
decreases when nz is increased, whereas (f: —p), which does not involve 
M2, remains unchanged. Hither increase of C or decrease of P results 
in diminishing a, and, hence, increase of the index of refraction causes 
reduction of the interval Ba. 

Thus far we have studied the effect of a single one of the lenses 
obtained by dividing the crystalline body in its layers. Suppose now 
that all these meniscus lenses on one side of the core are mounted 
together in their natural position and surrounded by aqueous humor 
introduced between each pair of adjacent layers of different densities 

in the crystalline lens; and isolate 
that part of it on one side of the 
nucleus; thereby obtaining a sys- 
a - 4 & tem like that represented in Fig. 46, 
where ab is the axis, and g and 
h are the two opposite vertices of 
the combination. Let a designate 
the position of a luminous point on 
the axis in front of the convex side. From what was proved above 
with respect to a single lens of this type, evidently the image of a in the 
first lens will lie in front of the second surface of this lens and therefore 
also in front of the first surface of the second lens. Similarly, the image 
of this image in the second lens will lie in front of the second surface of 
that lens, and so on for each lens in succession; and, consequently, the 
final image of a in the entire system will lie somewhere in front of the 
last refracting surface, at a, say. 

Evidently, too, as the point a approaches the vertex g, the point a 
will approach the vertex (h) of the farther surface. For the image of a 
real object in a simple negative lens is nearer the lens, when the object 
is nearer; and since the image produced by each lens of the system 
acts as object for the next lens, therefore when a approaches the first 
surface, its image moves along the axis in the same direction, and so on 
for each image in succession. 

The conclusion is that if the index of refraction of one of the 
layers were increased, the image a would thereby fall nearer h. Until 
the layer which is supposed to be altered is reached, there would be, of 
course, no change in the path of the rays or in the successive images; 
but the image in that layer will be nearer h than it would have been, 
and, consequently, ti e last image (a) will be nearer. If, therefore, this 
final image is to stay where it was originally before the index of one 
layer is increased, the objezt @ must be moved farther back so as to 
increase the distance ag. 

Consider now the whole crystalline lens as composed of two such 
systems of meniscus lenses B and C (Fig. 47), with its double convex 


Fig. 46. 
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core (A) comprised between them. If the crystalline lens as a whole 
forms a real inverted image 
at 6 of a luminous point a in 
front of the lens, the system 
of layers B must produce an @ (-4\ 3 
image at a point a in front of 4 
the anterior surface of the 
core. Similarly, the resultant 
image at b is the image in 
system C of a point 6 lying on 
the axis beyond the posterior surface of the core at the place where 
the rays intersect after having traversed the core and before being 
refracted by system C. Like any double convex lens, therefore, the 
core itself must produce a real inverted image of a at the place 
marked 8; which it will do, provided a lies in front of its first focal 
point. If a@ were removed to an infinite distance, b would be at the 
second focal point of the optical system of the crystalline lens. 

If now the index of refraction of one of the layers of B is supposed 
to be increased, « will thereby be brought closer to the anterior surface 
of A, and, consequently, the image of a formed by B at 6 and the image 
of 6 formed by C at b will be displaced forwards in the direction of the 
incident light. Similarly, an increase of the index of refraction of one 
of the layers of C will produce a displacement of 6 away from the 
crystalline lens, without having any effect on the position of 8. 

If, therefore, the index of refraction of a single layer of the crystalline 
lens is increased, the second focal point of the lens will thereby be made to 
recede farther fram its posterior surface. 

Thus even if the index of refraction of each layer of the crystalline 
lens were increased until it was equal to that of the core, the focal 
point would not be infinitely far away, because ultimately the entire 
lens in this case would be formed of the same material as the core and 
would be a simple homogeneous double convex lens of finite focus. 

The same argument applies, of course, as to the position of the first 
focal point; and so it has been shown that the focal points of the cry- 
stalline lens are both nearer the lens than they would be if all its layers 
were of the same density and index as the core. 

2. The interval between the principal points of the crystalline lens 
is less than it would be for a lens of the same external form with constant 
index of refraction equal to that of the core. 

The optical centre of the crystalline lens is a point on the axis which 
is conjugate in turn to each of the principal points. Wherever it is, 


AB 


Fig. 47. 


1 {The optical centre of the crystalline lens is the point where the curved line crosses the 
axis which represents the path of the ray inside the lens that was directed originally towards 
the first principal point. (J. P. C. 8.) 
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the same method as was used above for finding the focal point may be 
employed to show that the effect of increasing the index of refraction 
of the single layers of the lens will be to draw the two images of the 
optical centre closer to the external surfaces of the lens; and hence the 
greater, algebraically speaking, will be the value of the distance 
between them. Suppose now that the layers have the same index 
of refraction as that of the core; the optical centre of this new homo- 
geneous lens will not, in general, be at the same place with that of 
the original crystalline lens. Since the interval between the principal 
points of a convergent or positive lens is the maximum of all intervals 
between pairs of conjugate points (see end of §9), the interval between 
the principal points of this new homogeneous lens will be in any case 
greater than that between the images of the optical centre of the 
original lens that are formed by the new lens; and hence it is also 
greater than the distance of the principal points of the unaltered lens 
from each other. 

Moreover, it may be shown that the interval between the principal 
points of the crystalline lens is positive; that is, that the second prin- 
cipal point lies beyond the first; provided we assume, as is evident 
from the form of the layers, that the radii of curvature of their surfaces, 
taken near the axis, exceed the distances of these surfaces from the 
core. The image in a spherical refracting surface of a point between 
the vertex and the centre is nearer the surface than the point itself. 
Therefore the image of the centre of the core formed by the anterior 
half of the lens falls in front of, and that formed by the posterior half 
falls beyond, that point. The two corresponding images of the centre 
of the core are thus separated by a positive distance. And since the 
interval between the principal points is algebraically greater than that 
between any other pair of conjugate points, it likewise must be positive. 

The principal points of a lens with the same external form as the 
crystalline lens of the human eye and with an index of refraction the 
same as that of the core would be about 144 mm apart; so that the 
separation of the principal points of the crystalline lens itself must be 
very small indeed. 

Measurements of the indices of refraction of the transparent media of the 
human eye were made many years ago by CuossaT! and BREwsTER,? who 
seem, however, to have examined only a small number of eyes; and quite 
recently W. Krause? has carried out an extensive series of such measure- 
ments. Brewster introduced the substance under examination between the 


curved surface of a convex lens, mounted as the objective of a microscope, 
and a plane glass plate set perpendicular to the instrumental axis. This 


‘ Bulletin des sc. par la Société philom. de Paris. A. 1818. June. p. 294. 
* Edinburgh Philos. Journal. 1819. No. 1. p. 47. 


° Die Brechungsindices der durchsichtigen Medien des menschl. Auges von Dr. W. KRAUSE, 
Hannover 1855. 
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altered the focal length of the microscope. BrewsTErR measured the object- 
distance of the microscope before and after the insertion of the refracting 
substance, and also after inserting water of known index of refraction. Ca- 
HOURS and BrcquEREL! suggested measuring the size of the microscope 
image, which is also the method used by W. Krause, whose process is the one 
here described. 

An ordinary KELLNER microscope, the lower part of which is represented 
by Fig. 48, was arranged for the purpose by substituting a double convex 
crown glass lens of about 30 mm focus in place of the objective, its fastening b 
being screwed into the tube a of the microscope. The lens 
was set in a black hollow depression in which it was 
screwed tight by means of the casing d in the middle of 
which there was an opening 2.6 mm in diameter. The 
lens was pressed air-tight against the rim of this aperture, 
and below it was mounted a plane crown glass plate e, held 
in place by a conical ring f, fitted upon the conical surface 
of d but not so tightly as entirely to exclude the air in 
between. The specimen of ocular medium to be tested was 
placed in the ring f on the middle of the flat plate, and the 
ring pressed against the mounting d with sufficient force to 
insure that the glass plate was perpendicular to the instru- 
mental axis. The lens could thus be easily removed and Fig. 48. 
cleaned after each measurement. 

The eyepiece was provided with a glass micrometer divided in thirtieths 
of a Vienna line’; another scale divided in tenths of a line was mounted upon 
the microscope stage. The instrument being adjusted so that both scales 
were clearly in focus at the same time, the number of divisions of one micro- 
meter that corresponded to one scale division of the other micrometer was 
determined. Similar measurements were made with air and with distilled 
water substituted for the transparent humor. 

Equations (12) of §9 may be employed for the reduction of the results. 
It is true that these equations apply to two refracting surfaces only, whereas 
Kravse’s apparatus involves four, namely, the two surfaces of the plate and 
the two surfaces of the lens. But the system may be divided into two parts, 
the first being the plate and the second being the lens, the focal lengths of the 
former being infinite. Denoting the first (lower) and second (upper) focal 
lengths of the plate by f., f., respectively, corresponding to the notation in 
equations (11a) to (11f), §9, those of the lens by ¢, gy, and the distance of the 
second principal point of the plate from the first principal point of the lens by 
d; we find, from the last of equations (11f), when f. is made infinite, that the 
second (upper) focal length of the whole system is 


PFu= Q’'. 


The first focal length has the same value, since the first and last media are 
the same (air). Putting f/,=0oo in equation (lle), we find that the second 
principal point of the whole system coincides with that of the lens. Accord- 
ingly, in this case the second principal point and the second focal point are the 
same as if the medium contained between the flat plate and the lens extended 
upwards indefinitely. According to the notation used in equation (12), §9, 
let us denote the index of refraction of the substance that is being investigated 
by m1, that of the glass lens by nz, and that of the air by ns=1. The expression 
for F2 as given by that equation will then correspond to the focal length F 
of our system: 


1 DL Institut. Scienc. math., phys. et natur. 1840. p. 399. 
2 4Vienna line=2.195 mm. (J. P. C. 8.) 
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F= Nor 12 : 
Fy no(1 = ne)ri+[nare— qd —nez)d](m2—1) 
If F denotes the focal length of the objective, when distilled water of index no 
is inserted between the plate and the lens, and if denotes the facal length 


when this space contains air, we have two other similar formulae, which, 
together with the one above, may be put in the following form: 


FA —NoN1%o= mF B 
FoA —nerir2=mloB ENE So Sees eet ( 2) 
A —norir2=OB 
in which A and B are abbreviations for the following expressions: 


A =n{(1 —Ne)f1+Nefr2— a —nz)d], 
B = Ne2l2— a —ne)d. 


Subtracting the second of equations (2) from the first, and the third from the 
second, we obtain: 


(F—F))A=(mF —mF)B 
(Fo—®)A = (noF'o—®)B. 


Eliminating A and B by division, we have: 


F—Fy_mF—nFo. 
Fei Ml y)—® 


Accordingly, Pe 5 
o(f—®& 
F(Fo—®) 


Thus knowing the three focal lengths F, Fy and ® and the.index of refrac- 
tion (%) of distilled water, we are in a position to determine the index of 
refraction (mi) of the substance to be measured. The focal lengths, however, 
may be calculated from measurements of the images under the different con- 
ditions. Thus, if 6 denotes the size of a scale-division of the lower micro- 
meter, and if 8 denotes the absolute size of its image in the focal plane of the 


ocular (that is, disregarding the change of sign due to inversion), then by equa- 
tion (8b), §9: 


ni=1+(m—1) (2a) 


or 


(2b) 


where F denotes the focal length of the optical system of the objective and fe 
denotes the distance of 6 from the second principal point of this system. 
Having measured 6 and 8, we would, therefore, still have to know f2 in order 
to find F. But on the assumption that f2 is constant, which is practically the 
case in Kravuse’s apparatus, this quantity may be eliminated from the 
expression for mi, and consequently does not have to be known. If 8, By and b 
denote the values corresponding to the three focal lengths F, Fy and ®, we have 
three equations of the form of equation (2b) which combined with equation 


wavenable us to eliminate the focal lengths as well as fo, and thus to obtain 
nally ; 


m=1+ (no 1) pe y ullig paint atiiaa LF (99) 
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By this method, therefore, it is not even necessary to know the size of the 
object b under the microscope; and all we need to have is some object of 
constant dimensions. 

In these measurements the value of f2 is constant, provided the positions 
of the eyepiece micrometer and the second principal, point of the objective 
system are not altered. The latter will not be absolutely stationary, when 
different liquids are introduced between plate and lens, unless the upper sur- 
face of the lens is plane. The distance of the second principal point from the 
second surface of the lens is denoted by he in equation (12a), §9. Except 
when 7» is infinite, this distance depends on the index of refraction (n:) of the 
peer that is inserted on the lower side of the lens. But if re is infinite, 
then 


in which therefore he is independent of m:. Accordingly it might be better 
to use a plano-convex lens for this purpose with its plane side up, instead of a 
double convex lens. However, the error introduced by employing a double 
convex lens is extremely small, provided the thickness of the lens is negligible 
in comparison with the length.of the instrument. 

In BrRewsTErR’s measurements the index of refraction of distilled water 
was taker as_1.3358, which according to FRAUNHOFER’s data about cor- 
responds to the £# line in the green, that is, to rays of medium refrangibility. 
Krause, taking Listina’s advice, based his work on the rays of greatest 
intensity, for which, according to FRAUNHOFER, the index of refraction of 
water is 1.33424. The results obtained by Cuossat, BRrewsTER and Krause 
for the human eye are here tabulated. W. Krausr measured twenty eyes 
from ten individuals, and found very considerable variations in them. 


Table of indices of refraction of media of human eye 


Crystalline lens 
Observer Cornea Aqueous | Vitreous Outer Middle | Core 
humor humor layer layer 
CuHossaT 1.33 1.338 1.339 1.338 1.395 1.420 
BREWSTER 1.3366 1.3394 1.3767 1.3786 1.3839 
mo =1.3358 
Max. 1.3569 1.3557 1.3569 1.4743 1.4775 1.4807 
W. Krause j Min. 1.3431 1.3349 1.3361 1.3431 1.3523 1.4252 
M = 1.3342 Mean 1.3507 1.3420 1.3485 1.4053 1 4294 1.4541 
HELMHOLTZ 1.3365 1.3382 1.4189 
mo = 1.3354 


The writer’s own measurements, the results of which are also included 
in the table above, were made in the following way. The fluid specimen 
to be measured was inserted between a plane glass plate and the concave 
surface of a small plano-concave lens, and the image produced by this system 
was measured with the ophthalmometer; whence the focal lengths were cal- 
culated. Incidentally, the radius of the curved surface of the lens could be 
found directly with the ophthalmometer, by the same method as was de- 
scribed in §2 for measuring the radius of curvature of the cornea. Under 
these circumstances, it was unnecessary to assume a value for the index of 
refraction of distilled water, because it was measured also and found in this 
way to be 1.3351, which is intermediate between that assumed by BrewsTER 
and that assumed by KravseE. 
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Krause made another series of measurements of the indices of refraction 
of calves’ eyes, especially with a view to finding out whether the indices 
suffered any noticeable change of value in the first twenty-four hours after 
death. He made measurements on twenty specimens immediately after the 
animals had been killed, and on twenty others after they had been kept 
twenty-four hours at a temperature of 19° C. The average results are as 
follows: 


Immediately 24 hours 
after death after death 

COrnea® \ SAMAR RT) LO, Sy ee ee UN SAG Tet ke ok ete 1.3480 
INGUEOUSHOUIINORSs..<teer te tere LS AD MeN SA aes 1.3415 
itreOusshunn Oni srcas iris: ace eee NBS SYN) Wom evar eee Sue ate 1.3528 
Outerlayerot lens: .. 4.m ee eee 133983 5. br aes ae eee 1.4013 
Middledayeroflens: >) ae sane a er IRAN OS acer cues eer: 1.4211 
Woresor lensaewty oh oar ee ee eee 14520 tetera: 1.4512 


Accordingly, there is not any noticeable change in the indices of refraction 
of the media of a calf’s eye in the first twenty-four hours after death, and it is 
a reasonable inference that the same is true in case of the human eye. 

Since it is not possible to calculate the focal lengths of the several layers 
of the crystalline lens directly from their forms and indices of refraction, the 
author has inserted below the results of direct measurements of the optical 
constants of the crystalline lenses of two human eyes, which he was able to 
make about twelve hours after death. 

When the lens is extracted from the eye and exposed to the air its outer 
surface soon dries and shrivels up, and if kept in water it swells and loses its 
transparency.. The author therefore adopted the plan of surrounding the lens 
with vitreous humor. The lens is, moreover, remarkably sensitive to every 
little tension or pressure, but as long as it is surrounded by its elastic and 
tight-fitting capsule, these effects are only temporary. During the measure- 
ments, therefore, the lens has to be kept in such a position that it will not be 
subjected to external stresses of any sort. This 
was accomplished by using the apparatus shown 
in section in Fig. 49, which is actual size. In the 
centre there is a hollow brass cell divided on the 
inside at bb by a horizontal partition, concave 
above, with a circular opening in the middle. 
The mounting of the objective from an old mi- 
croscope was convenient for the purpose. Upon 
the lower rim of this mounting was cemented a 
plane-parallel glass plate, cc, care being taken, 

Fig. 49. however, not to use any appreciable thickness 

of cement. The lower part of the brass cylinder 

having been first filled with vitreous humor, the crystalline lens was very 
carefully transferred from the eye, without being injured or bruised, to the 
position shown, and laid, flat side downwards, on the opening in the diaphragm 
bb. The upper part of the brass tube was then filled level to the brim with 
vitreous humor and covered over with a second glass plate dd, thus giving the 
humor a plane upper surface. As it was not convenient to set the ophthalmo- 
meter in a vertical position, a right-angle isosceles glass prism f was mounted 
on the glass plate dd, which reflected the light from below in a horizontal 
direction. The whole apparatus was conveniently mounted on the body of a 
microscope, from which all the lenses and the small diaphragm below had 
been removed. A brass plate provided with a GravesanpD slit, the opening 
of which was to serve as the object to be viewed through the crystalline 
lens, was mounted first on the stage of the microscope, and afterwards close 


IWIN 
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to the under side of the glass plate cc, between it and the upper end of the 
microscope tube. The illumination was produced by adjusting the micros- 
cope mirror so as to reflect light from below up through the slit in the brass 
plate. The width of the image of the slit in the crystalline lens was measured 
with the ophthalmometer. 

In making the calculation it is necessary to know the distance between the 
knife-edges of the slit and the under surface of the plate cc. Let this be 
denoted by a; when the brass plate lies on the microscope stage, and by az 
when it is close to the under surface of the glass plate. The greater a; and the 
smaller a; can be made, the more reliable are’ the results. We must also 
know the thickness c of the plate cc, its index of refraction n. (approximately 
at least), the distance b between its upper surface and the upper edge of the 
opening bb, and the index of refraction n2 of the vitreous humor with respect 
to air. Let b; denote the interval between the edges of the slit as it lies on the 
microscope stage at a distance ai from the plate cc; 8; the width of the image of 
this interval as seen through the crystalline lens (which here is negative, on 
account of the inversion); and be, 82 the corresponding magnitudes for the 
other position of the slit; and, finally, let f denote the required focal length of 
the lens in vitreous humor, and z the distance of its first nodal point from the 
plane of the upper edge of the opening bb. From equations (3e) and (6c), §9, 
concerning refraction in plane plates, it follows that the rays proceed in the 
vitreous humor before passing through the lens as if they had come from a 
source of size 6; or be, located at the distanee 


(natteto+e) or (nastiotb+e); 
respectively. The size of the image #1 or B2 will evidently not be altered 


further by the subsequent refractions at the surfaces of the upper glass plate. 
Accordingly, we may write 


ge mart e+ ba 
Bi if 

eA mast etbta 
Bo Mi 


which give by subtraction: 
Bi-bi _B2—be_m(ai—az) 
Bi Bo f 


whence the focal length of the crystalline lens surrounded by vitreous humor 
is found to be: 


ipa neaialar a), 
b281—biB2 


and the value of x can be found by substituting this value in either of the two 
original equations. In making the calculation it is necessary to keep in mind 
that when a; is greater than the focal length, the image will be inverted, and 
hence 8; will be negative. A slight correction has to be made in the value of x 
thus obtained, due to the fact that the curved surface of the lens extends a 
little below the plane of the opening bb on which it rests, so that x is not exactly 
equal to the distance of the nodal point from the anterior surface of the lens, 
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This correction is easily calculated from the diameter of the opening and the 
radius of curvature of the lower or front lens surface. ; 

By simply turning the lens over, the distance of the second nodal point 
from the other surface of the lens may be found in the same manner. 

The reduced thickness of the glass plate c/n; may be determined from 
observations with the ophthalmometer, by inserting it between the slit and a 
small glass lens, for which the focal length and positions of the nodal points 
are known, just as it was originally inserted between the slit and the crystalline 
lens. The value of 6 also is similarly obtained, and the same equations as 
were used in calculating x and f may be employed to find b and ¢/n, when the 
two former magnitudes have been ascertained. 

The curvatures of the surfaces of the lens in the vicinity of the axis may be 
found either by reflection, as already explained, or by refraction. For this 
purpose, the lens is left in the brass cell, and the part of the vitreous humor 
over its upper surface is removed. The slit is then placed in front of the 
prism f, a little to one side of the axis of the ophthalmometer, and its reflected 
image measured; or it is left lying on the microscope stage and the measure- 
ment made on the dioptric image thus formed. It has already been explained 
how the measurement of the reflected image is utilized. In the dioptric 
method, suppose the symbols b;, 61, and f have the same meanings as before, 
but let 83 denote the size of the image formed with the upper layer of vitreous 
humor removed, and let y denote the distance of the second nodal point from 
the upper surface of the lens (supposed to be surrounded by the vitreous 
humor). Then, if the radius of curvature at the vertex of the upper surface is 
denoted by R, it may be found from the equation 


(Pi 83) Ui Bt 
Ges mabe ae 


The focal length of the crystalline lens with its peculiar structure has been 
found to be shorter than that of a lens of the same external form made of 
homogeneous substance of the same density and index of refraction as those 
of the core of the lens. Consequently, a homogeneous lens exactly like the 
crystalline lens in shape and size and of the same focal length would have to 
be made of some material of even greater index of refraction than that of the 
core itself. The index of refraction of this imaginary lens fulfilling these speci- 
fications has been called by Srnrr the total index of the crystalline lens. It is 
quite different from the average index of refraction obtained by taking the 
arithmetical mean of the values for all the layers, exceeding, as it does, the 
highest of all the values of the index of refraction in the crystalline lens. Here- 
with is appended a summary of the data derived from measurements of human 
lenses made by the author, the dimensions being in millimetres. The focal 
lengths and principal points are given. on the supposition that the lens is 
surrounded by vitreous humor. The radii of curvature were obtained by the 
reflection method. 


R 


I. Rocal lengths. ag t eee ea toe ce 45.144 to 47.435 
2. Distance of first principal point from anterior surface. 2.258 “ 2.810 
3. Distance of second principal point from posterior 

SULTACES eco: Me hones soto ON gate eee 1.546 “ 1.499 
4, Thickness otlens i887. ie enka ental ne 4.2 4.314 
5. Radius of curvature of anterior surface at vertex....10.162 “ 8.865 
6. Radius of curvature of posterior surface at vertex... 5.860 “ 5.889 
(= elotalkindextotereiraction= ee yt Hey AS ee 1.4519 “ 1.4414 


However, whether the form and focal length are the same for lenses 
measured after death as in the unaccommodated living eye is rendered doubt- 
ful by certain of the writer’s measurements. The smallest values of the thick- 
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ness of the lens as found by measurements of dead eyes are occasionally more 
than half a millimetre greater than the writer found for the same distance in 
the eyes of three live individuals! The method of measuring the distance 
between the pupil and the front of the cornea was explained in §3. The 
anterior surface of the lens is close against the edge of the pupil, and so the 
thickness of the lens can be found as soon as the distance of the posterior 
surface of the lens from the cornea is obtained. 

The cornea and lens are represented in Fig. 50 by AA and B, respectively. 
Light comes to the eye along some direction such as Cc, and, after refraction 
first at the cornea and then at the anterior surface of the lens, is partially 
reflected at 7 at the posterior surface 
of the lens. The reflected ray emerges Ez 
by the path zdD, so as finally to enter 
the eye of the observer. If now the 
source of light C and the observer’s 
eye D are interchanged, the light will 
again proceed along the same path, 
only in the reverse direction, DdicC, 
being reflected, as before, at the same 
point 7 on the posterior surface of the 
lens. The patient’s eye is directed 
steadily towards a point of fixation and 
the straight line Gg represents the 
visual axis of his eye. These things. 
having all been previously determined 
by suitable measurements, we can find 
the angles between the lines Cc, Dd 
and Gg. In order to locate the points c and d on the cornea, suppose the 
observer’s eye is at D, and let a small source of light be so adjusted at a place 
E in front of the eye that the observer at D will see the reflex of this light 
in the anterior surface of the cornea and at the same time the reflex from C 
in the posterior surface of the crystalline lens. This coincidence occurs when 
the ray Ed is reflected to D, that is, when the bisector de of the angle EdD 
is normal to the cornea. Now if the angle HdD or the angle between Ed and 
Gg has been found by suitable measurement, it is easy to calculate the angle 
between ed and Gg; and hence, from the form and curvature of the cornea, as 
obtained by previous measurements, the length of the arc dg can be found, 
that is, the position of d with respect to g. The position of the point c is 
ascertained in the same way. Thus, the positions of the points c, d and the 
directions of the lines Cc, Dd are known; and the point h where these lines 
meet is the apparent place of the reflex image in the posterior surface of the 
crystalline lens, that is, the place where it appears to be as seen through the 
intervening ocular media. 

In making the measurement the sources of light C and # are arranged ona 
horizontal graduated bar several feet from the eye under examination. The 
source C should be as large and bright as possible, but H should be small and 
coloured by a blue glass to facilitate observing its reflection. The observer 
looks through a small telescope, which is also mounted on the grauated bar to 
enable him to locate its position. The telescope and lamp C can then be 
interchanged, as desired.” 

The mean apparent position of the posterior surface of the lens, as found 
by observations of this kind with three different eyes, was not far in front of 
the centre of curvature of the cornea. The displacement produced by the 


€ Fr 


Fig. 50. 


1y, Gragres Archiv. fiir Ophthalmologie. Bd. I. Abt. 2. S. 56. 
2 The details of this method are described in Grarres Archiv. I, 2, p. 51. 
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refraction at the cornea may be calculated. Since a spherical refracting sur- 
face has very little effect on the apparent position of an object located near its 
centre, individual variations in the value of the index of the refraction of the 
aqueous humor are unimportant so far as the final result is concerned. The 
same is true with respect to the refraction of the lens for a point on its posterior 
surface, since this surface too is very near the second principal point of the 
lens. The results of the author’s measurements of the interval between the 
principal points of the dead crystalline lens were not reliable because in the 
case of such very small magnitudes all the other errors are cumulative; and 
so he has borrowed the correction that has to be made for the lenticular 
refraction from the data of Listrine@’s schematic eye. The apparent forward 
displacement of the posterior surface of the lens, due to refraction through the 
lens, is somewhat less than the interval between the principal points. It has 
been shown that the distance between the principal points in the natural lens 
is less than in a homogeneous lens of the same form-and of index of refraction 
equal to that of the core; consequently, the correction deduced from List1NG@’s 
lens must be rather too large, and tends therefore to give slightly too large a 
value of the calculated thickness. 

The mean results for the three eyes examined, as deduced from two 
series of concordant observations, were as follows: 


O.H. Bee: J.H. 
Radius.of curvature of cornea.........0........ 7.338 7.646 8.154 
Apparent distance of posterior surface of lens from 
vertex of COrmeas sa see eee ne ee 6.775 7.003 6.658 
Actual’ distances... ae 2 Pe I SS eee Celi V8? 7. %41 


Distance of pupillary plane from vertex of cornea. .4.024 3.597 3.739 

Assuming the anterior surface of the lens to lie in the pupillary plane, 
these results give for the thickness of the lens in the unaccommodated living 

e: 3.148 3.635 3.402 

Adding to these the correction necessary because of the convexity of the 
anterior lens surface, the edge of the pupil itself being assumed to have no 
appreciable thickness, we obtain the values: 3.414 3.801 3.555 

The values of the pupillary diameter and the curvature of the anterior 
surface of the lens used in calculating this correction were obtained by Set 
measurements in each of the eyes concerned. These final results also are stil 
less than the smallest values of the thickness heretofore obtained from dead 
lenses, which vary, according to the elder Krauss, from 4.0 to 5.4 mm. 

The fact, observed by the younger Krausg, that the index of refraction of 
the lens from a calf’s eye remains practically unchanged 24 hours after death, 
makes it improbable that the thickening of the lens is due to absorption of 
water; for in that case we should expect a decrease of the index of refraction. 
It seems likely, therefore, that the observed change is of the same nature as 
ae takes place in the act of accommodation. This will be referred to again 
in §12. 

There still remains to be stated what has been learned to date about the 
cardinal points of the eye. The conclusions here given are based on LisTIN@’s 
schematic eye, which certainly departs very little from the actual average, as 
is verified in some measure by the writer’s investigations. At any rate, where- 
ever it is necessary or permissible to use mean values in the computations of 
physiological optics, the numerical data for the individual eye in question 
being unknown, it is probable, in view of the very large individual variations 
that exist, that the data of Listine’s schematic eye will be found just as 
reliable and satisfactory as the actual mean values, supposing that the latter 
were known. Accordingly; Listrna’s constants will be used in this treatise, 
with occasional comments, when necessary, explaining how they are some- 
times different from what seem to be the actual mean values. 
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LISTING gives 8 mm as the radius of the cornea; although, according to the 
measurements of Sunrr as well as those of the author, it appears to be some- 
what less than this. The average of the values of the index of refraction of the 
cornea obtained by W. Krause is rather higher than BrewsrTer’s value 
103/77 =1.3379 which is adopted by Listing. On both accounts LisTIN@’s 
data for the focal lengths of the cornea are somewhat greater than the observed 
average. According to equations (3a) and (3b), §9, the first focal length of the 
cornea is 

a 
Pi n—1’ 
where n denotes the index of refraction of the aqueous humor and r denotes 
the radius of the cornea; and the second focal length is 
mr 
n—-1 
In Listin@’s schematic eye, 
F,=23 +5, F,=31 95. 
If we put r=7.8, which is the result of Srnrr’s measurements and which 
agrees also approximately with the mean of the writer’s determinations, and 
if, following W. Krause, we take n=1.342, we get: 
F,=22. 81, F,=30.61. 

The index of refraction of the lens in Listina’s schematic eye is 16/11; 
the thickness of the lens is 4mm, and the radii are 10 and6mm. Accordingly, 
for a lens immersed in aqueous humor, we find by equations (13), (13a), and 
(13b), §9, that the focal length is 43.796 mm, the interval between the prin- 
cipal points 0.2461 mm, the distance of the first principal point from the 
anterior surface 2.3462 mm, and the distance of the second principal point 
from the posterior surface 1.4077 mm. These values agree very closely with 
the results of the writer’s earlier direct measurements of two dissected human 
lenses. He is not aware of any other direct measurements of the focal lengths 
of eyes.of human beings. The reason why it is not practicable to calculate the 
focal lengths from the form and indices of the component layers of the lens 
has already been explained. It follows from the theorem proved in the earlier 
part of this section, that the assumption, made by most earlier opticians, of 
an equivalent homogeneous crystalline lens having the same figure and the 
average index of refraction of the actual lens, is essentially incorrect; and that, 
on the contrary, such an artificial lens would have to have a higher index than 
that of the densest part of the actual crystalline lens. For example, Srnrr! 
found this total index of refraction of the crystalline lens of an ox to be 1.539, 
whereas the actual indices for the outer layer and for the core were 1.374 and 
1.453, respectively. The two values of the total index found by the author 
from his measurements, namely, 1.4519 and 1.4414, are both less than the 
above and correspond, say, with the average of the values given by W. KrAvusE 
for the core. (His results were: maximum, 1.4807; minimum, 1.4252; mean, 
1.4541.) Listrnc had previously chosen the value 16/11=1.4545, which 
agrees well enough with both Krausr’s work and the writer’s investigations. 

If we assume that there is always the same difference between the optical 
properties of the crystalline lens before and after death as was shown by the 
writer’s experiments, Listin@’s schematic eye would probably correspond to 
an eye that was accommodated for near vision, the focal length of the lens 
when relaxed being somewhat longer, and its thickness somewhat less. 

The value assumed by Listine for the distance between the anterior 
surfaces of cornea and lensis4mm. This corresponds to the near-sighted eye 
designated as O. H. in the author’s measurements. In near-sighted eyes the 


1 VoLKMANN, Art. “Sehen” in R. Wacners Handwérterbuch d. Physiologie. Bd. II- 
8. 290. 
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anterior chamber is usually deeper and the iris flatter. The other two eyes in 
the author’s experiments were normal, and in both of them the depth was less; 
but in all three the posterior surface of the lens was in front of the centre of 
curvature of the cornea. This leads the writer to suspect that the lens is 
somewhat nearer the cornea in normal eyes than Listine has assumed. The 
difference is too small, however, to be of much importance. a, 

Being given the focal lengths of the cornea and lens and the positions of the 
principal points of the latter, the cardinal points of the eye as a whole may be 
found by means of equations (lla) to (11f), §9, The values calculated by 
ListinG from his data have already been recorded. 

For finding the position of the image on the retina, the nodal points of the 
eye are the most convenient of all the cardinal points, and, luckily, the loca- 
tions of these points is known now with considerable certainty. 

By the method given in §9 for finding the nodal points, the point on the 
axis of the eye which is conjugate to each of the nodal points in succession is 
found to lie between the nodal point of the cornea (which is its centre of curva- 
ture) and the first principal point of the lens; its distances from these points 
being to each other as the lesser focal length of the cornea, is to that of the 
lens, namely, about 1 to 2. In Listrna’s schematic eye, the distance of the 
first principal point of the lens from the centre of curvature of the cornea, 
which he found to lie on the posterior surface of the lens, is 1.627 mm. But 
according to measurements of living eyes as made by the author, the posterior 
surface of the lens may be as much as 1 mm in front of the centre of curvature 
of the cornea, which might make the above distance about 2.6mm. Thus, the 
point, which is conjugate to each nodal point in succession, would be from 
0.54 to 0.87 mm in front of the centre of curvature of the cornea, the range of 
variation being, therefore, very small. The first nodal point is its image as 
formed by the cornea. The image of an object just a little in front of the 
centre of curvature of a spherical refracting surface is only a very short dis- 
tance in front of the object itself. It we take ListTine’s values of the focal 
lengths of cornea and lens, the first nodal point proves to be 0.758 mm in front 
of the centre of curvature of the cornea. On the other hand, if the point, 
which is conjugate to this nodal point with respect to the optical system of the 
cornea is assumed to be 0.87 mm in front of the centre of curvature of the 
cornea, the first nodal point will be found to be 1.16 mm in front of the 
centre. We shall, therefore not go far wrong by assuming that in normal eyes 
the first nodal point is from 3/4 to 5/4 mm in front of the centre of curvature 
of the cornea. 

VoLKMANN! endeavoured to determine experimentally the position of the 
nodal point in the human eye. The fact was mentioned above that when the 
light from a candle enters the eye sidewise, the image of the flame, especially 
in the case of a blond individual, can be seen at the inner corner of the eye. 
VOLKMANN measured the distance of this image from the cornea, and at the 
same time the angle between the incident rays and the visual axis. He then 
constructed a horizontal section of the eye to a suitable scale, marked on it 
the point where the retinal image was visible through the sclerotica, and drew 
through this point a line intersecting the optical axis at the same angle as that 
between the incident rays and the visual axis. The point of intersection was 
taken as the nodal point. The mean of his measurements with five persons 
gave the position of the nodal point’ as 8.93 mm beyond the cornea. Un- 
doubtedly, this value is somewhat too large, as it makes the nodal point lie 
beyond the centre of curvature of the cornea, whereas it must necessarily lie 
in front of that point. The error in VoLKMANN’s result is explained by the 
fact that he was as yet unaware of the distinction between the optical axis 


1R. Wacners Handworterbuch d. Physiologie. Art. “Sehen.” §, 286.* 
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and visual axis, and also because the definition of nodal points and principal 
points are valid only for much smaller angles of incidence than he used in 
these experiments. Burow! found, moreover, in repeating VoLKMANN’s 
experiments with the eyes of white rabbits, that for very wide angles of inci- 
dence the retinal image falls nearer the optical axis than it should if all the 
direction lines intersected in a point. Both of these influences would have the 
effect of making the distance from cornea to nodal point, as determined by 
VoLKMANN’s method, somewhat too large. 

We shall now explain how the centering of the eye and the positions of 
the optical axis and the visual axis may be determined. The method utilizes 
the reflex images formed by the cornea and lens surfaces of a bright source 
of light placed in front of the eye. 

Concerning the appearance of these reflex images and the best methods of 
observing them, the reader is referred to §12. In Fig. 51, cd represents the 
axis of an accurately centered eye; the eye of the observer is at a and the 
source of light at b. Suppose ab is per- 
pendicular to cd, and ac=cb. With this 
arrangement, everything being sym- 
metrical, it is clear that the light from 
b, falling upon the three reflecting sur- 
faces at their vertices, where they 
intersect the axis cd, will in each case be 
reflected to a. If the.observer and the 
source of light are interchanged, the 
same thing will occur again, and the 
three reflected points will appear in the 
same perspective, on account of the 
bilateral symmetry of the whole appa- 
ratus. Since the anterior surface of the Sp 
lens is about half-way between the \ 
cornea and the posterior surface of the LD. 
lens, the image in the anterior surface =r 
of the lens should, for either position f 
of the light and observer, appear about Fig. 51. 
halfway between the other two images. 

The following method may now be employed to ascertain the adjustment 
of any given eye. Let a horizontal graduated scale be placed along the line 
ab, suitable openings being provided at a and 6 for the observer and the 
source of light. The eye under examination is brought into some convenient 
position d, on the perpendicular bisector cd, and its owner is directed to look 
fixedly at some adjustable object, g, which is then moved up or down and to 
right or left until the observer can see the reflex from the anterior surface of the 
lens lying between those from the cornea and the posterior surface of the lens. 
The observer then changes place with the light and notes whether, with the 
fixation mark unchanged, the three images remain in the same relative posi- 
tions as before. If the eye under examination were correctly centered, it 
would be possible to find a position for the object g such that this would be 
the case. 

The writer has never examined a human eye that quite fulfilled this condi- 
tion. If the three reflexes are in the right positions when viewed from one 
side, they are not so when viewed from the other, and in order to adjust them 
in the right positions again, the point of fixation (g) has to be shifted more or 
less. For each of the three eyes on which this method was tried, it was found 
necessary to place the fixation point g somewhat above the plane abd. The 
visual axis was invariably found to lie on the nasal side of the line cd, its 


1 Beitrage zur Physiologie d. menschl. Auges. S. 56-60. 
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horizontal projection making the following angles with cd under the given 
conditions: 


Light coming 
Eye from the from the 
nasal side | temporal side 


ORE: 3° 47’ 4° 57’ 
BOR: 5° 6’ 8° 12° 
J. H. 5° 43’ 7° 44’ 


These results show that the human eye is not exactly centered. But the 
differences between the corresponding angles for different eyes is comparative- 
ly small; and we may, therefore, assume the line cd, found from the experi- 
ments, as the approximate position of the so-called optical axis, and take the 
arithmetical mean of the above results as the angle between this assumed 
optical axis and the horizontal projection of the visual axis. This optical axis 
also coincides well enough with the axis of the cornea as found by the author 
and passes through the centre of its circumference. 


The pioneer in physiological optics who was the first to have a clear con- 
ception of the refraction of light in the eye and of the formation and position 
of the image on the retina was Kmper. It is true that Maurotycus had 
previously compared the crystalline lens of the eye with a glass lens, and 
asserted that it converges the rays towards the axis, but he could not admit 
that it forms an inverted image on the retina, because we should then have 
to see everything upside down. Porta also, who invented the camera obscura, 
compared the eye with that instrument, but he supposed that the image was 
formed on the crystalline lens. Kerrier, who had already investigated the 
general theory of optical instruments, was the first to realize the existence of 
the inverted retinal image and the condition for distinct vision, namely, that 
the rays from each point of the object shall be brought to a focus at some point 
of the retina. Krpier’s theory was extended by the work of the celebrated 
Jesuit philosopher ScHEINER,! who made further investigations on the struc- 
ture of the eye and the refraction in its transparent humors. He verified 
the fact that optical images are projected on the retina in the case of the eyes 
of certain beasts, by exposing the back part of the retina so that the image 
could be seen, and in 1625 in Rome he performed the same experiment on a 
human eye. He assumed that the refractivities of the aqueous humor and 
the crystalline lens were the same as those of water and glass, respectively, 
while the vitreous humor was intermediate between the other two in this 
respect. Finally Huycens? constructed an artificial model of the eye, by 
means of which he demonstrated the principal phenomena of vision, the 
application of spectacles, etc. 

With the exception of a few amateurish and wholly impossible propositions 
that have been put forth in opposition to it, KepLrr’s theory has received 
practically universal acceptance from the first. For example, N. Ta. Mtuz- 
BACH? and CAMPBELL! denied the existence of the retinal image, and Lrenot® 
advanced the idea that a three-dimensional image of the object is formed with- 
in the vitreous humor. Piacer® worked on the theory that the eye is a mirror 


1Qculus. Inspruck 1619. 

» Dioptrica in Opera posthuma. Lugduni 1704. p. 112. 

3 Inquisitio de visus sensu. Vindob. 1816. 

4 Annals of philosophy. X.17.—Deutsches Archiv. IV. 110. 
5 Nowvelle Théorie de la Vision. Paris 1825. 

6 Heckers Annalen. 1830. S. 404. 
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and that the image used in vision is the reflection in the cornea. J. READE! 
concurred in this opinion and attributed vision to the presence of nerves in the 
cornea. Mayer? opposed PLacer’s view, but advanced an equally remark- 
able one of his own, namely, that the retina acts as a concave mirror. Like- 
wise, ANDREW Horn’ imagined the vitreous humor to be the reflector and the 
resulting image to act upon the optic nerve. 

As to the positions of the cardinal points of the eye, there was some 
difficulty at first concerning the second focal point. According to calculations 
based on the measured dimensions and indices of refraction, this point seemed 
to be beyond the retina. This error was due to using in the calculation the 
mean index of refraction of the layers of the crystalline lens, which we now 
know to be incorrect.4 VaLuéE® concluded that it was necessary to assume a 
gradual increase in the index of refraction of the vitreous humor towards the 
back of the eye. PappENnHEIM® was willing to admit this explanation, pro- 
vided even a slight change of the sort can be demonstrated to exist. Until the 
development of Gauss’s theory, considerable confusion prevailed among phy- 
sicists and physiologists as to the location of the nodal points of the eye. This 
was because the theory of optical instruments up to that time had dealt 
exclusively with systems of refracting surfaces at comparatively negligible 
distances apart, as, for example, the lenses of the objective of a telescope; 
whereas in the eye the distances between the refracting surfaces are quite 
considerable as compared with the focal length of the whole system. Owing to 
the imperfect development of the theory, there appears to have been some 
uncertainty as to the proper standpoint from which to attack the problem. 
Many attempts were made to locate a point on the optical axis of the eye that 
would correspond to the optical centre of a glass lens; such that a ray directed 
towards it would not be ultimately deviated by refraction in traversing the 
ocular media. If itis permissible to consider the two nodal points as coinci- 
dent, their common position would correspond to the required optical centre. 
One trouble, especially, was that this point was also confused with the point of 
intersection of the so-called lines of sight drawn from points at different dis- 
tances in the field of view that appeared to be all in the same line of vision. 
This point, however, i; essentially different from the nodal point of the eye, 
and is, in fact, the centre of the entrance-pupil of the eye, as will be shown in 
the next section. Muncxer’ supposed that the two points were identical and 
located them in the middle of the lens; whereas Barrrxs® placed them at the 
centre of the cornea. The place where the straight lines meet that connect 
the various points of the object with the conjugate points of the retinal image 
was called by VoLKMANN? the point of intersection of the direction rays; and, 
subsequently, after Min’s objections, the point of intersection of the direction 
lines. By means of experiments upon the eyes of white rabbits, he showed 
that these lines all intersect at a point, and found its location, which neces- 
sarily lies between the two nodal points. His result showed that, in the 


1 Annals of philos. XV. 260. 

2 Muncke, Art. ‘‘Gesicht”’ in Grnters Worterbuch. The reference given there is wrong. 

3 The seat of vision determined. London 1813. 

4 Moser in Doves Repertorium. V. 337-349.*—Forsss, Proc. Edinb. Roy. Soc. 1849. 
Dee. p. 251. 

5 Comptes rendus. 1845. XIV. 481. 

6 Ibid. XXV. 901. 

7Gruiers physik. Worterbuch (neu bearb.) Leipzig 1828. Art. “Gesicht.”’ Bd. IV. 2. 
8. 1434.* 

8 Beitrige zur Physiol. d. Gesichtssinns. Berlin 1834. S. 61. 

° Neue Beitrdge zur Physiol. d. Gesichtssinns. Leipzig 1836. Kap. IV.—Poccrn- 
porFrs Ann. XXXVII. 342. 
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rabbit, at least, it was beyond the lens. By a different method he tried to find 
the same point in the case of the living human eye. Two hair-sights about 
6 inches from the eye were viewed through two small peep-holes placed nearer 
the eye, the latter being so adjusted that both hairs were seen at the same time 
in the centres of the openings. Each hair and its corresponding peep-hole 
thus constituted a line of sight. VoLKMANN might therefore have been able 
to find the point of intersection of the direction lines in this way if it had been 
possible for the subject to see both hairs through their respective openings 
at the same time without turning the eye. This is, however, a very difficult 
thing to do, because the subject can look directly at only one of the hairs at a 
time, the other being seen indirectly on a less sensitive portion of the retina. 
The probable result was that the subject looked first at one hair and then at 
the other, the lines of fixation therefore intersecting at the centre of rotation of 
the eye; and accordingly this was the point that VoLKMANN took to be the 
place of intersection of the direction lines. 

Mie,! KNocHENHAUER? and Stamm? took exception to VOLKMANN’S 
conclusions. Mure pointed out that the direction lines and lines of sight are 
not necessarily identical, and defined the point of intersection of the direction 
lines as being the centre of the cornea, assuming the effect of refraction by the 
lens to be negligible. Thence he concluded that the direction lines do not 
necessarily have to pass through the centre of the blur circle projected on the 
retina by a luminous point out of focus. KNOCHENHAUER tried to simplify 
Miue’s proof that the coincidence of images in the field is independent of the 
direction lines, and thereby to avoid the assumption, at that time generally 
accepted but in fact only approximately true, that the point of intersection of 
the direction lines is the same for objects at different distances. Burow? also 
rejected VOLKMANN’s conclusions, but used his method to determine the centre 
of rotation of the eye, and worked out an independent method of finding the 
point of intersection of the direction lines. This method, however, was not 
successful, for reasons subsequently given by LisTINa. 

The first to apply the theoretical work of Gauss* and BrssEeL® to the 
optical system of the eye was Mossr,’ who, from the available data at that 
time as to the form of the refracting surfaces and the indices of refraction, 
computed the positions of the nodal points (which, by the way, he called 
principal points). The values which he found for the distances of these points 
from the cornea were 3.19 and 3.276 Paris lines (7.18 and 7.37 mm). But 
since he had assumed BrEwsTER’s average value of the index of refraction of 
the crystalline lens (1.3839), which means that the rays from a distant source 
come to a focus beyond the retina, he concluded that the radius of the cornea 
should be diminished from 3.39’” to 2.88’’’, and on this supposition he deduced 
the new values 2.835’”’ and 2.890’” (6.38 and 6.50 mm) for the distances from 
cornea to nodal points. 

Listine® investigated the properties of the principal points and nodal 
points of the eye (giving the latter their name), found their approximate 
positions, and particularly called attention to the fact that if the lens is to be 
treated as made of some homogeneous material, the index of refraction as- 
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signed to it must exceed the actual index of its densest part. It was then that 
VoLKMANN’ made his later attempt, as above mentioned, to find experi- 
mentally the positions of the nodal points in living human eyes. Finally, 
Listine’ published a complete mathematical theory of the subject, including 
a calculation of the numerical data based upon the best measurements avail- 
able at the time. 
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C. According to Static Refraction 
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§11. Blur Circles on the Retina! 


When light from a luminous point reaches the eye, the part of the 
bundle of rays that are admitted through the pupil forms a cone of 
rays beyond it, with its circular base in front and with its apex, 
representing 
the image of 
the luminous 
point, turned 
away from the 
incident light. 
Beyond this focus, the rays diverge again. In Fig. 52, the lumin- 
ous point is supposed to be at a, and the pupil is represented by 
b-b..; the rays converge to the point c, cd. and cd. being the pro- 
longations of the rays b,c and b..c, respectively. When the point of 
convergence is exactly on the surface of the retina, the luminous 
point (a) affects just this single point (c) of the retina, and thus the 
image of a is distinct. But when the retina lies a little in front of or 
beyond the focus, so as to cut the cone of rays at ff. or at gg, it 
will be illuminated, not at one point only, but over a small circular 
area corresponding to the cross section of the cone. An area of the 
retina thus illuminated by an external luminous point-source is called 
a circle of diffusion or blur circle. The circular form corresponds, of 
course, to the roundness of the pupil. If its form or the base of the 
cone of incident rays is altered, as may be virtually accomplished by 
placing just in front of the cornea an opaque screen having a small 
hole of any desired outline whose diameter is less than that of the 
pupil, the area of diffusion will assume a correspondingly different 
shape. If the spot falls on the central part of the retina, it will be 


1 Consult Appendix III at the end of Part I. G. 


Fig. 52. 
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geometrically similar to the opening. The small diffusion images 
formed when the focus is close to the retina present, however, striking 
exceptions to these rules, and will be discussed later in §14. 

The production of blurred images may be easily reproduced 
experimentally by adjusting a small source of light, or, better still, 
an illuminated pinhole in a screen, at a suitable distance in front of a 
convex lens, and catching the light on a white card beyond the lens 
which can be moved to and fro parallel to its axis. It will be found 
that a distinct, punctual image is formed only when the card is in 
a certain definite position; elsewhere it expands into a round spot 
of light or blur circle. When the luminous object is a bright line, as, 
for example, a narrow illuminated slit, the circles of diffusion from 
the various points of this line will overlap, as 
shown in Fig. 53b, and there will appear on 
the screen, in place of the sharp line a, a bright 
figure similar to that of c. When the source of 
light is a clear-cut, uniformly bright area, the 
centre of the diffusion image will be uniformly 
bright, but the outer portions will fade and 
seem to blend gradually into the brightness of the surroundings. 

Diffusion images of this same sort may be projected on the retina 
of the eye. Naturally, we cannot move the retina arbitrarily to 
and fro with respect to the lens like the paper card in the above 
experiment, but we can move the luminous point nearer the eye or 
farther from it, so that its image moves back and forth in the vitre- 
ous humor. As in the case of any optical system of spherical refract- 
ing surfaces, the images formed by the eye of objects at different 
distances lie at different points along the axis. The image of an 
infinitely distant point lies in the second focal plane, and that of a 
nearer point lies beyond it. Therefore, if one of these images 
lies on the retina, it is sharply defined, while the other neces- 
sarily produces a blur circle on it. Evidently, therefore, objects at 
different distances from the eye cannot be seen distinctly at the same time. 
To verify this, one has simply to hold a veil or some other transparent 
texture about six inches in front of one eye, and about two feet beyond 
it an open book. He can see at pleasure either the threads of the mesh 
or the letters of the printed page with perfect distinctness, but he 
cannot see both distinctly at once. When the threads stand out 
sharply, the letters are blurred, and vice versa. Moreover, if the eye 
looks steadily in the same direction, first, at the farther object and then 
at the nearer, it will be noticed that every such change requires a con- 
scious effort. 


a i} e 


Fig. 53. 
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The experiment may be varied in many ways. Go to a window, 
for example, and hold a needle vertically about six inches in front 
of the eye, so that it appears to cross the horizontal window-bar at 
right angles. If you look at the needle, you will also see the window- 
bar as an indistinct dark band, or if you look at the window-bar or 
at the view outside, you will see the needle simply as a blurred vertical 
band in the field of view. Again, look through a small hole at the 
more distant objects beyond, and you may see either those objects or 
the edge of the hole distinctly, but never both at the same time. The 
first form of the experiment, however, is the most striking and also 
the best calculated to make it clear that the phenomenon is not due 
to any change in the direction of vision. 

It is to be noticed, in all these cases, that while one may not see 
clearly two unequally distant objects at once, still they may be 
seen distinctly one at a time, and that the transition from one to the 
other is entirely under the control of the observer. 

This peculiar process whereby the eye is enabled to see distinctly 
objects at different distances is called accommodation or adaptation! 
of the eye to distance. 

When the object is far away, a very considerable change of distance 
will make but slight alteration in the position of its image. Thus, if 
an eye is accommodated for an infinite distance, the blur circles of 
object-points even as close as twelve metres say, are so tiny that the 
distinctness is not seriously impaired. But when the eye is accommo- 
dated for near vision, a slight change of distance one way or the other 
will cause the object to be entirely out of focus. That segment of the 
visual axis where, for a given state of accommodation, an object can 
be seen without being indistinct is what J. Czermax has called 
the “line of accommodation.” The length of this segment increases 
with its remoteness from the eye, and becomes infinite when its 
distance is very great. 

These effects may be easily verified by keeping the eyes fixed 
on a needle or similar object erected an inch or more in front of a 
printed page. If the observer moves his eye as near the needle as he 
can without being unable to see it distinctly, the page appears blurred; 
but if the observer now moves his eye away from the needle, still 
fixing it steadily, the printed page becomes clearer and clearer. 

The reason we are able to “sight,” and to tell whether two points 
at different distances are exactly in line with the eye, is just because 
the blur circle of a distant object is very small when the eye is accom- 
modated for another distant object. Strictly speaking, only one of 
the points sighted can be seen distinctly at one time, while the others 


1 The latter term is no longer used in this sense. G. 
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appear more or less blurred; and the exact alignment of two points 
may be obtained by simply getting the sharp image of one point into 
apparent coincidence with the centre of the blur circle of the other. 
A line passing through two such apparently coincident points is called 
a line of sight. All lines of sight intersect at one point within the eye, 
namely, at the centre of the image of the pupil formed by the cornea, 
known as the point of intersection of the lines of sight. 

That the change taking place during the process of accommodation 
is an actual alteration of the optical image itself, and not simply a 
mode of sensation of the retina, as some physiologists have supposed, 
may be proved in the most convincing manner by the use of the 
ophthalmoscope. With this instrument, which will be described in 
§16, the fundus of the eye can be seen distinctly, including the retina 
with its blood vessels and the images projected on it. If the patient’s 
eye is fixed on a given object, what we find is that the image of a light 
at the same distance away will be sharply focused on the retina, and 
at the same time the veins and other anatomical details of the retina 
will be clearly visible in the vicinity of this bright image. Now suppose 
the light is moved much nearer; its image will become indistinct, but 
the details of the retinal membrane remain as sharply defined as 
before. Attempts at seeing the changes of the retinal images in dead 
eyes from which the rear portions of the sclerotica and choroid have 
been removed or in the living eyes of white rabbits, whose sclerotica is 
nearly transparent, are both unsatisfactory and likely to fail, because 
the images thus observed are usually not exact enough to enable the 
investigator to recognize minute variations in them. Even in a living 
eye noticeable alterations of the image, due to accommodation, do not 
occur unless the object itself is comparatively small and precise 
like a thread or a printed word. Large objects may be still recognized 
by form even when the accommodation is not correct. 

But on the retina of a dead eye all the finer details are effaced, 
as will be seen by artificially magnifying the image until it looks to the 
observer as large as it would have seemed to the observed eye, when 
its retina was still sensitive. 

These accommodation phenomena and the varying positions of the 
ray-focus with respect to the retina are still better demonstrated 
by an experiment due to Scuriner. Two pinholes are made in a card 
at a distance apart less than the diameter of the pupil of the eye. 
With one eye closed, the observer looks through both holes at a small 

‘ {This point coincides, therefore, with the centre of the entrance-pupil of the eye. 
Gp Wee tOnTSy) 


Since the act of sighting requires central visual acuity, we are justified in speaking 
only of one line of sight; which is the one along the ray that after refraction in the tye pro- 
ceeds to the fovea centralis. G. 
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object sharply delineated against a contrasting background, for ex- 
ample, at a needle held in front of a bright window. The needle 
should be adjusted at right angles to the line joining the two holes. 
If the eye is focused on the needle itself, it appears single; but if it is 
focused on something else, nearer or farther away, the needle appears 
double. In the former case, one of the openings may be covered with 
the finger without producing any effect except a darkening of the whole 
field. But when the needle is seen double, one of the images will 
disappear when one of the holes is closed. Thus, if the eye is focused 
on an object beyond the needle, the image that vanishes is the one 
on the opposite side from the hole that is closed; whereas if the eye 
is focused on an object nearer than the needle, the image that vanishes 
will be on the same side as the hole that is closed. If any difficulty is 
experienced in accommodating the eye without having definite objects 
to look at, it is a good plan to use two pins, a vertical one about six 
inches away and a horizontal one about two feet away, and to look 
at one in order to see the other double, adjusting the card so that the 
line joining the holes is always placed at right angles to the needle 
that is to be seen double. 

Now suppose three holes are made in the card, all within an area 
whose diameter is less than that of the pupil; then there will be three 
images of the needle. If the a 
holes are arranged asin Fig. 54a, e “e é 
and if the eye is accommodated +4 | 
for a point nearer than the 
needle, its three images will 
appear as shown in }, with their 
knobs in the same relative positions as the holes. But if the 
accommodation is for a point beyond the needle, the images will be 
reversed, as in c, so that their knobs form an inverted pattern of the 
holes. It makes no difference whether a needle is used against a 
bright background, or some bright object against a dark background, 
or an illuminated hole or slit in an opaque screen; the results are 
always the same. 

The explanation of these effects is easily found by making corres- 
ponding experiments with a glass lens. In Fig. 55, 6 represents a 
convex lens in front of which there is an opaque screen with two 
holes in it at e and f. Rays diverging from a luminous point a are 
focused by the lens on the other side of it at the point c. Consequently, 
all the rays of the two bundles that go through the openings e and f 
will meet at c; and hence if a white card be placed perpendicular to 
the axis of the lens at c, there will appear on it merely a single bright 
spot, which is the image of a. But if the card is moved either way 
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so as to come into the position mm or Il, the two bundles of rays will 
fall on it separately, and two bright spots will appear.1_ We have only 
to imagine the glass lens replaced by the optical system of the eye 
and the white card by the retina. If the two pencils converge on the 
retina, only one image is seen; if before or beyond it, there are two. 
The position of the card at mm corresponds to the accommodation 
of the eye for an object farther than a, and the position at ll for a nearer 
object. There is one apparent contradiction. In the experiment with 
the glass lens, when the upper opening ¢ is covered, it is the upper 
spot on m, or the lower spot on J, that disappears; and this seems at 
first sight to be exactly the reverse of what occurs in the eye. The 
discrepancy is easily explained. For it must be remembered that the 
retinal image is always inverted, and that the image of what appears 


Fig. 55. 


to us as the higher of two objects really lies lower on the retina, and 
vice versa. When, therefore, the retina, supposed to be at m, intercepts 
light coming from a at two places p and q on opposite sides of the 
axis, the impression produced on the observer is that p, which is above 
the axis, is due to an object P lying below the axis-in the field of view, 
and that q, which is below the axis, is due to an object Q lying above 
the axis. Consequently, if the opening e is closed, the effect on the 
retina at p ceases and causes the observer to suppose that the object 
at P has been extinguished. It is just the reverse when the eye is 
focused for an object nearer. than a, in which case the retina corres- 
ponds to the card placed at Il. 

Similar results are obtained with a screen perforated with three 
openings, as in Fig. 54a. There will be three bright spots on the white 
card if it be placed either at m or at 1; if at m, the spots will be arranged 
in the same manner as the pin-holes, if at J, in the reverse order. The 
same apparent contradiction occurs in comparing this with the eye, 
and is explained in the same manner. 

If a screen with one pin-hole in it is moved laterally up or down in 
front of the glass lens (Fig. 55), the bright spot at c will remain 
stationary when the card is placed at mn; but when the 

1 qL. D. Wexp, Some Precise Methods of Focusing Lenses. School Science and Math., 


XVIII, p. 547 (1918); in which a modification of this principle is given as a simple method 
of finding the focus of a lens. (J. P. C. 8.) 
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card is at mm in front of c, the spot moves on the card up or 
down just in the same way as the opening; and when the card is 
at ll beyond c, the spot moves up or down just opposite to the way 
the hole moves. Likewise, if the eye be directed, through a small hole 
in a card, towards a needle and accommodated for a more distant 
point in the same line, any slight lateral movement of the card will 
result in the apparent displacement of the pin in the opposite direc- 
tion; but if the accommodation be for a point nearer than the needle, 
the displacement will be in the same direction. These phenomena 
are easily explained, with reference to Fig. 55, imagining that the 
perforated screen has only one opening which is situated first at e 
and then at f. 

A screen with a narrow opening in it may be placed in front of the 
eye to enable 
it to get a dis- 
tinct view of 
an object for 
which the eye 
is not accom- 
modated. In 
such case the 
cone of rays 
entering the y 
eye has a very 
small aperture and a correspondingly small cross section anywhere 
along its route, so that the blur circles on the retina will be small also. 

An object held close in front of the eye gives a blurred image; but 
if it is viewed through a small opening, the image gets more distinct, 
as above stated, and also appears larger. The apparent magnification 
increases as the opening is moved away from the eye. ‘These pheno- 
mena may be explained by reference to the diagram in Fig. 56; where 
a and b represent two points of the luminous object, SS the perforated 
screen, and A the eye. The only rays that reach the eye from a and 
b are am, and bm, respectively. If a8 represents the image of ab 
formed by the optical system of the eye, these rays am, bm: proceed 
after their refraction towards a and 8, and meet the retina at f and g, 
respectively. Connect each of these latter points by straight lines 
with the nodal point of the eye, designated by k; these lines correspond 
to rays which seem to enter the eye from the points y and g where 
they intersect the plane of the object; and the resultant sensation on 
the retina is naturally interpreted as corresponding to an object y¢, 
larger therefore than the real object ba. 


Fig. 56. 
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As the perforated screen S is moved from the eye towards the 
object, evidently the points mi, m2, and likewise the lines mia, 
m6 that determine the positions of the points f and g on the retina 
will recede from the axis; and accordingly the retinal image fg becomes 
larger than before. 

If the screen is removed, each point of the object will be reproduced 
by a blur circle on the retina. The centres of the blur circles corres- 
ponding to a and 6 will then be nearer each other on the retina than 
f and g, where the images of a and b appeared when the screen was in 
place. The centre of the blur circle is determined by the chief ray of 
the bundle of rays, that is, by the ray which goes through the centre 
(l) of the pupil. The straight lines aa, b8, intersecting at J, meet the 
retina at 7 and h, which are, therefore, the centres of the blur circles 
corresponding to the points a and b when the screen is removed. The 
distance th is evidently less than fg. 

On the other hand, if one looks through a small opening towards a 
distant object with the eye accommodated for near vision, the object 
will appear diminished in size in proportion as the opening is farther 
from the eye. 

The range of distances for which the human eye can accommodate 
varies greatly with the individual. The limits of this range are called 
the near point and far point of accommodation. In normal eyes the 
near point is usually about four or five inches away, while the far 
point is very much farther, perhaps sometimes even infinitely far away. 
However, it seems to be very unusual for the far point to be at an 
infinite distance, even in the case of persons who live in the open and 
are accustomed to look only at distant objects. People almost always 
describe a ray-shaped figure as a star, and the fact that it appears so 
to most persons indicates that that is the way a star looks to them; 
which shows that their eyes are not accommodated for infinity, as 
will be explained in §14.1 

A near-sighted or myopic eye is one for which the far point is a short 
distance away, sometimes only a few inches from the eye; the near 
point being, of course, even closer. A far-sighted or presbyopic eye, 
on the other hand, is one for which the near point is quite a little 
distance away, perhaps several feet from the eye; but the far point 
does not generally seem to have receded to the same relative extent, 
but rather to have remained stationary. Thus, the amplitude of 

1 |The argument here proves nothing. Even if geometrical optics alone were competent 
to decide the intricate questions that are involved in the appearance of a star, a sufficient 
answer to the above reasoning would be to remind the reader that the image on the retina 
is never absolutely punctual in the sense of point-to-point correspondence; and that a lumi- 


nous point for which the eye was able to accommodate, might easily look like a star. 
(eRe exs.) 
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accommodation of the eye is greatly reduced, that is, the capacity of 
varying its refracting power is perhaps almost entirely gone. In 
certain exceptional cases where either the eye has become malformed 
by disease, or the crystalline lens has been extracted in the operation 
for cataract, the eye is so far-sighted that it is only able to focus on the 
retina a bundle of converging incident rays and requires, therefore, a 
weak convex lens to see distinctly an object at infinity. Near-sighted- 
ness is usually the result of occupation or habits requiring the close 
and minute examination of small objects. Far-sightedness is more 
commonly met with in old age, hence the Greek name presbyopia 
(from mpeoBvs meaning an old man). Moreover, among sailors, 
shepherds, hunters and other persons whose attention is concentrated 
chiefly on remote objects, there are cases where the eye is unable to 
accommodate for near vision and seems to have become incapacitated 
by lack of practice. This defect is commonly remedied by the use of 
spectacles. Concave glasses are used to correct near-sightedness 
by bringing the image of a distant object so near the eye that it is not 
farther than the far point. On the other hand, a far-sighted individual 
needs a convex lens which will produce an image of a near object 
farther away where the eye can be accommodated to see it. 

When the eye is immersed under water, the refraction at the cornea 
becomes almost negligible, and the crystalline lens by itself is unable 
to focus the image on the retina; and now the eye is, to so speak, 
extremely far-sighted and requires a powerful convex spectacle glass 
to discern clearly anything at all. 

In order to calculate the size of a blur circle on the retina, it should 
be remarked in the first place that all rays which outside the eye are 
aimed at the apparent pupil (which is the image of the pupil as seen 
through the cornea)! pass through the real pupil after having been 
refracted at the cornea, and that they proceed in the vitreous humor 
as if they had come from the virtual image? of the pupil in the lens. 
This follows immediately from the theory of optical images. A given 
point of the actual pupil and the corresponding point of its image in 
the cornea are conjugate points so far as the refraction at the cornea is 
concerned. Rays originating at any point of the actual pupil and 
emerging from the eye appear to be coming from the image of that 
point; and, conversely, rays proceeding in the air and converging 
towards a point of the apparent pupil must, after refraction at the 
cornea, come to a focus at the corresponding point of the actual pupil. 

In Listina’s schematic eye the iris is supposed to be half a milli- 
metre in front of the anterior surface of the lens, and accordingly its 


1 The entrance-pupil as it is now called. G. 
2 The exit-pupil. G. 
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image in the crystalline lens is found to be 0.055 mm beyond the 
iris itself and magnified in the ratio of 16 to 15. If, however, the pupil 
is supposed to be in contact with the anterior surface of the lens, as 
is more natural, the enlargement is found to be only about 1/18 
(3/53, to be exact), and the image is 0.113 mm beyond the pupil. 
Retaining the other data of Listine’s schematic eye, we must, 
therefore, put the distance of the lenticular image of the pupil from 
the cornea equal to 18.534 mm. On the other hand, this same pupil 
is magnified by the cornea by 1/7 (13/90, to be exact) and appears to 
be 0.578 mm in front of its actual position. 

The magnitudes of blur circles on the central part of the retina 
may be found now as follows. In Fig. 57 let the straight line gf 
represent the optical axis, and let the straight line gq perpendicular to gf 


z 


Fig. 57. 


represent an object in front of the eye, whose image in the eye is fp. 
Since only a small portion of the retina in the vicinity of the axis is 
to be considered, it may be represented by a straight line da perpen- 
dicular to the axis. Moreover, let the image of the pupil in the lens 
and its image in the cornea be represented by ba and BA, perpendicular 
to the axis at c and C, respectively. The rays ap and bp, coming from 
the edge of the (exit) pupil, intersect the retina at a and £, and af, 
therefore, is the diameter of the blur circle on the retina corresponding 
to the object-point g. By geometry, since ab and ad are parallel, 

ap: ap=ab: a8 

ap: ap=cf: df, 
and therefore p= . eu ieintehe 2, soe aes a) 
If the retinal plane coincides with the second focal plane of the eye, 
and if D designates the position of the first focal point, as in equation (8), 
§9, let us put CD=H,, cd =H, Cg=h, and cf =hz (instead of hm41); 
so that we may write immediately: 


Hiss Hoon 


Ay! hy 
or H _ha~He_df 
hy he of 


1, 
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and hence ap =ab-. SOuasicir SNe et ce lees ter gest CLD) 
1 
If c designates the centre of the image of the pupil in the lens, that is, 
if be =ca, the point y where the straight line cp meets the retina is the 
centre of the blur circle. For since 
ac:bc=ay:By, 

ac=be, 
consequently, ay =p. 
Accordingly, the ray that proceeds to the centre of the blur circle is the 
ray in the vitreous humor that comes from the centre of the so-called 
exit-pupil of the eye. In the anterior chamber of the eye this same 
ray goes through the centre of the real pupil, and its prolongation in 
the air goes through the centre of the so-called entrance-pupil.'! 

One result of this is, that if the centres of the blur circles on the 
retina corresponding to two points at unequal distances from the 
eye coincide, the ray proceeding from the centre of the exit-pupil to 
this common centre on the retina must belong to both bundles of 
rays. The part of this common ray which lies outside the eye must 
necessarily pass through both luminous points and its prolongation 
must go through the centre of the entrance-pupil of the eye. Even 
if one of the blur circles on the retina contracts to a single point at the 
centre of the other, the above statements will still be correct. 

When two points at different distances are aligned with each other 
as when we “‘sight’’ from one to the other, the image of one falls on 
the retina at the centre of the blur circle of the other; or, supposing 
both points are indistinct, the centres of their blur circles coincide. 
The straight line connecting such a pair of points is what we have 
already called a line of sight. As just explained, it must coincide with 
the ray that is aimed at the centre of the entrance-pupil, so that this 
centre is therefore the point of intersection of all lines of sight. 

This subject is closely related to the visual angle. When it is said 
that objects subtending equal visual angles have the same apparent 
size, the common vertices of the angles must be at the point of inter- 
section of the lines of sight. However, it is usual to assume that the 
vertex of the visual angles is at the point of intersection of the direction 
lines, that is, at the first nodal point. On the other hand, if the 
extremities of the object are viewed in succession one after the other, 
the vertex of the visual angle in this case should be taken at the centre 

1 ¢ Although the terms ‘“‘entrance-pupil” and “‘exit-pupil” were suggested by ABBE long 
after the first edition of Hrmuourz’s Optik was published, and, of course, do not occur in 
the original text, they are employed in the translation. Incidentally, it may be noted here 


that Huycens in his Dioptrica constantly makes use of the same ideas as conveyed by 
these terms. (J. P. C. S.) 
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of rotation of the eye. Of course, when the object is very far away, 
these distinctions do not affect the visual angle, but they are not 
unimportant when the object is near by. 

Appended below is a brief table, computed by Listine for his 
schematic eye on the assumption that the retina coincides with the 
second focal plane of the eye and that the pupil is 4 mm in diameter. 
In this table 1, denotes the distance of the luminous point in front of 
the first focal plane, 1, the distance of the image beyond the retina, and 
z the diameter of the blur circle. The calculation is based on equation 
(8c), §9, namely, 


ltl=F iF’ 
and on equation (la) §11. The product FF, in List1ne’s schematic 


eye is 301.26, or 300 in round numbers, the distances being expressed 
inmm. 


ty lo Zz 

In metres In mm in mm 

oo 0 0 
65 0.005 0.0011 
25 0,012 0.0027 
12 0.025 0.0056 
6 0.050 0.0112 
3 0.100 0.0222 
1.5 0.200 0.0443 
0.75 0.40 0.0825 
0.375 0.80 0.1616 
0.188 1.60 0.3122 
0.094 3.20 0.5768 
0.088 3.42 0.6484 


This table shows how little the position of the image varies as long 
as the object is far away, and how rapidly it recedes beyond the 
retina when the object is near at hand and comes nearer and nearer. 


Various instruments called optometers have been devised for measuring 
the range of accommodation of the eye. 

Here may be mentioned first the simple, every-day method of distinguish- 
ing near-sight and far-sight by finding how far off the letters on a printed page 
or details of some other suitable object can be seen most conveniently. Of 
course, no great accuracy can be attained in this way. Printed letters are 
never so small as not to be legible over a considerable range of accommodation. 
For example, the author can read print like that on this page at a distance of 
at least 13 inches, with his eyes accommodated for his far point 3 feet away. 
Again, not being able to accommodate nearer than 3.6 inches, he can read the 
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same print when it is only 2.7 inches from his eye. Another thing to be noted 
here is that the apparent size of an object is bigger when it is brought near the 
eye, so that, other things being equal, its details can be more clearly made out 
than when it is farther away. Thus, tiny objects which are hard to see are 
sometimes examined even nearer than the near point of the eye, because the 
larger apparent size may more than compensate for the slight indistinctness of 
the details, and it may be better seen than it could be with exact accommo- 
dation under a smaller visual angle. It is evident that in order to use this 
method for measuring the range of accommodation, we must take different 
objects for different distances, each of them being just large enough to be 
recognized distinctly when the eye is accommodated for that particular 
distance. 

PoORTERFIELD! was the first to propose using SCHEINER’s experiment for 
measuring the range of accommodation distances, and designed an optometer 
on this principle, which was afterwards improved by Tuomas Younc.2. The 
latter uses a fine white thread stretched on the black surface of a graduated 
bar. One end of the thread is close to the eye, which looks along the thread 
through two small peepholes or slits in an opaque screen, and sees the thread 
as a pair of straight lines which intersect each other at the point for which the 
eye is accommodated. This point may be located without difficulty, and its 
distance from the eye is the distance of accommodation of the eye at that 
particular instant. The method may be modified by using any other small 
objects whose distances from the eye can be varied. The objects chosen for 
the experiment must be small enough to be just distinctly visible through the 
holes in the screen, as, for example, slender needles against a bright back- 
ground, or fine holes and slits in dark screens. The eye must be sure to look 
through both openings at once, otherwise errors are 
liable to be made. The field of view in these experi- 
ments is contracted to ihe comparatively large 
blurred images of the two apertures, which partly 
overlap each other as shown in Fig. 58, a and 6. 
Double images of a needle, as indicated at g, can be 
seen only in the bright middle region c that is com- 
mon to both openings, but not on either side in any 
part of the field that corresponds to one aperture Fig. 58. 
alone. In this latter region the image is always 
single, as at h; which is the reason why persons sometimes have difficulty in suc- 
ceeding with the experiments unless they have practised with the apparatus. 

Another similar method for finding the range of accommodation and espe- 
cially for ascertaining the far point is more accurate, inthe writer’s opinion, 
than that of looking through two openings. Daylight or light from a candle 
flame is admitted through a small opening in a screen. To aneye not accom- 
modated for it a small point of light like this looks like a star with five or six 
rays (see §14 below), whereas, when the eye is properly accommodated, it 
appears as a fairly well defined bright spot even if it is not uniformly round. 
Now move a screen slowly from one side in front of the pupil; and what 
generally happens in this case is that the pattern of light that is seen begins to 
fade away on one side, and this occurs on the same side as that from which 
the screen is interposed, provided the eye is accommodated for a point nearer 
than the luminous point, but on the opposite side if the eye is focused for a 
point beyond the source of light. But if the eye is accommodated for the 
luminous point, the image gets uniformly darker all over, or else it 1s eclipsed 


1 An Essay concerning the Motions of our Eyes. Edinb. medical Essays. Vol. I. p. 423. 


IV. 185 (1747). 
2 Phil. Transactions. 1801 P. I. p. 34. 
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in some irregular way, as for example, by closing in from both top and bottom 
when the shutter is introduced from one side.* : 

An easier way than ScuErnEr’s, especially for an inexperienced observer, 
which depends on the chromatic aberration of the eye, will be described in §13. 

Rvuete’s optometer is designed to insure against intentional deception 
on the part of the person examined. It is a box-shaped hood through which 
passes a tube. The patient looks with one eye through the tube at a book, 
only a few words of which can be seen, and whose distance he has no means 
of estimating except by the accommodation of the eye itself. Various sizes of 
type are used and at various distances; and any attempt at deception is 
practically certain to involve the subject in self-contradictions. 

Hasner’s optometer consists of a board mounted horizontally on a tripod, 
provided at one end with a mask fitting over the upper part of the face, in 
order to hold the eyes steadily in one position. The board has a graduated 
scale, to measure the distance from the eyes, and another scale also to register 
the angle of convergence of the two eyes when they are directed towards 
any point along its length. The instrument is intended to facilitate measure- 
ments of the range of accommodation and various experiments concerning 
the phenomena of single and double binocular vision. 

Artificial eye-models for the demonstration of KepLEr’s theory of vision 
and the use of spectacles have been described by HALuEr,? Huyerns,? Wotr,! 
Apams® and Kriss.® 

KEpLer’ was not only the first to give a correct interpretation of th 
refraction of light in the eye, but he was also aware of the necessity of an 
accommodation of the eye for different distances and supposed that blurred 
vision was due to the lack of proper accommodation. ScH»rINER® described the 
phenomena that occur in imperfect accommodation when the observer looks 
through two holes in a screen. Explanations of these experiments were 
given by pr £A Hire,* who, however, denied the possibility of accommoda- 
tion for different distances; and later by J. pr LA Morte! and PorTERFIELD,!! 
the latter of whom also corrected DE LA Hirkr’s erroneous conclusions. Mu.E!* 
first noted the singular apparent motions of an object lying outside the 
range of accommodation of the eye, as seen through a narrow aperture which 
is itself in motion; and these phenomena were afterwards described more fully 
by H. Mayer, as connected with the theory of accommodation. A com- 
plete discussion of the cause of blur circles on the retina, their overlapping, 
etc., was given by JURIN.! 

As to the use of spectacles, there isa place in Puiny’s Naturalis historia 
which seems to be a reference to them. He mentions certain concave emeralds 


1 |The description of these phenomena appears to have been first given by CzeRMAK. 
(J. P..C. 8.) 

2 Elem. Physiolog. V. 469. 

3 Dioptrica. Lugduni 1704. p. 112. 

4 Niitzliche Versuche. III. 481. 

5 Hssay on vision. London 1792. 

6 German translation of the preceding essay. Gotha 1794. 

7 Paralipomena. p. 200. 

8 Oculus. p. 387 and 41. Similar experiments, p. 32 and 49. 

§ Journal des Sgavans, 1685; and in Accidens de la vue. 1693. 
10 Versuche und Abhandl. der Gesellschaft in Danzig. Bd. II. S. 290. 
On the eye. Vol. I. Book 3. Chap. 3. 
% PoacenporFFs Ann. XLII. 40. 

18 Prager Vierteljahrsschrift. 1851. Bd. IV. S. 92. 

4 Essay on distinct and indistinct vision. Smiru’s Optics. Cambridge 1738. 
TO OXON CnOe 
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that had a curious property of “converging the vision” (viswm colligere), and 
for that reason should never be cut. The emperor Nrro, who was near- 
sighted (Puiny, I. IT, ¢.34), is said to have viewed gladiatorial combats through 
an emerald of this kind. Subsequently, from the beginning of the 14th century 
we come across accounts in which spectacles are mentioned as a new discovery. 
A Florentine nobleman, Satvinus Armatus, who died in 1317, is referred to 
on his epitaph as the inventor of spectacles.1. ALEXANDER DE SPINA, a monk 
of Pisa, who died in 1313, is said to have seen a pair of spectacles worn by 
somebody who made a secret of the invention; but they were imitated and 
used by many persons.2, Mavrotycus (1494 to 1575) afterwards tried to 
explain the theory of such lenses, but the explanation, like his theory of vision, 
was incorrect. He supposed that the visual rays, each emanating from a 
separate part of the object, are made more convergent or more divergent by 
the lens, as in fact is the case only for rays proceeding from a single point of 
the object; and it was not until KepLer began to study the question that a 
correct and complete theory of the use of spectacles was published. 
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Supplement 


The theory of the individual variations of the refraction of the 
eye has been very thoroughly worked out by DonpbeErs in his valuable 
treatises on this subject, which has resulted already in the most useful 
applications in ophthalmic practice, not simply directly for the cor- 
rection of defective vision by means of glasses, but also indirectly for 
the relief of a whole series of obscure ailments that are due to imperfect 
refraction and accommodation. 

The great contribution made by Donpxrs consists particularly 
in the distinction which he has made between the phenomena per- 
taining to abnormal degrees of refraction when the eye is passive and 
relaxed and those which depend on the amplitude of accommodation 
and hence on refractive conditions brought about by muscular effort. 

The idea that the passive eye is accommodated for far vision, 
which is very decidedly supported by the evidence of the subjective 
sensation, and which is also at the basis of the argument as presented 
above, is carried still further by DonprErs, who has pointed out that, 
when the sphincter of the pupil and the accommodation have been 
paralyzed by certain mydriatics, particularly by atropin (the alkaloid 
of belladonna), the eye is automatically adjusted for its far pcint, 
without being able to alter its state of refraction. If there were some 
muscular mechanism whose contraction could reinforce the accommo- 
dation for far vision, we should be forced to admit the very unlikely 
assumption that this muscle had not been paralyzed by the atropin 
but was subjected to a sort of permanent spasm. 

Moreover, pathological observations indicate that whenever the 
mechanism of the eye becomes affected by paralysis of the nervus 
oculomotorius, the eye invariably is focused all the time for its normal 
far point. And there is no case on record to show that when the 
movements of the eye are paralyzed the far point had come nearer the 
eye. 

Accordingly, the maximum distance of accommodation occurs when 
the eye is relaxed. The normal position of the far point may be con- 
sidered as infinitely distant. DonpERs uses the term emmetropic 


1 {The uthor here records a change in his views on this subject, as previously expressed. 
(Ce sa OS) 
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(from éuperpos, modum tenens, and ay, oculus) to describe an eye of this 
sort, so as to avoid the vagueness of the word “normal” and the expres- 
sion “normal vision.”” An emmetropic eye may be subject to various 
defects, and is not necessarily “normal” by any means. 

If the far point of the eye is at a finite distance in front of it, 
it is said to be brachymetropic or myopic, the latter being the more 
ancient name for this state of refraction. A myopic eye cannot focus 
rays on the retina unless they were originally divergent. On the other 
hand, an eye which can focus on the retina not simply parallel but even 
convergent incident rays is said to be hypermetropic.' 

Without the aid of spectacles, a myope cannot focus for distant 
objects; and so he is at considerable disadvantage as compared with 
an emmetrope. On the other hand, an hypermetrope has always to 
exert some accommodation in order to see any actual object distinctly, 
which frequently results in numerous, sometimes distressing, symptoms 
of fatigue. Both defects therefore impair the efficiency of vision, and 
hence DonpeRs classified them together under the name ametropia. 

More often than not these defects are due to abnormal length 
of the axis of the eye,” which is shorter in an hypermetropic than in 
an emmetropic eye. The matter appears to be closely connected also 
with the position of the centre of rotation of the eye, which is too far 
back in a myopic eye and too far forward in an hypermetropic eye. 
As a general thing there are no abnormal curvatures of the cornea 
and crystalline lens that can account for ametropia.® 

In order to ascertain the exact condition of an ametropic eye, 
it is necessary to determine the range of adjustment that can be 
produced in its refraction by active muscular effort. For example, 
if we compare an emmetropic eye which can be accommodated for 
objects anywhere from an infinite distance to six inches with a very 
myopic eye whose range is only between six inches and three inches, 
naturally, it would be inferred at once that the latter has a much 
narrower margin of accommodation than the former. But suppose now 
that the myopic eye uses a concave spectacle lens six inches in focus, 
so as to enable it to see clearly to infinity; this eye has then the same 
actual range of accommodation as the other, namely from six inches to 
infinity. The action of the spectacle lens in this illustration is to form 
a virtual image nearer than the actual object, so that an object six 
inches away, for instance, appears to be only three inches, and thus 


1 |The far point of an hypermetropic eye is at a finite distance behind or beyond the 
eye, that is, its far point is “virtual.” (J. P. C. 8.) 

2 q‘‘Axial ametropia.” (J. P. C. S.) 

’ “Curvature ametropia,” whereas abnormalities of the indices of refraction of the 
ocular media are included under what is called “‘indicial ametropia.” (J. P. C. 8.) 
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is brought to the near point where it can be seen distinctly by the 
myopic eye here supposed. 

Accordingly, the interval between the far point and the near 
point does not afford a method of comparison of the amplitudes of 
accommodation of two far-sighted eyes; and in order to compare them 
with each other we must first equalize their refractions by the use of 
suitable lenses. 

If a spectacle glass is not to magnify or reduce the objects viewed 
through it, its second principal point should coincide with the first 
nodal point of the eye.!_ This could be accomplished, if it were worth 
while, by using a thick meniscus lens (see latter part of §9). Let 
F and N denote the distances of the far point and near point of the eye, 
and A the distance of the nearest point for which the eye can accommo- 
date when provided with a lens of negative focal length F, all these 
distances being measured from the first nodal point of the eye; then 


ed lyentineal 


aN SF 
and the amplitude of accommodation, according to DoNnpERs, is 
measured by the reciprocal of A.? 

The amplitude of accommodation, therefore, is measured in units 
of curvature, that is, in reciprocals of the units of length. The unit 
of length corresponding to the spectacle numbers that are in vogue 
at present is the inch, either Paris inch or Prussian inch; and we might 
call the reciprocal unit a “‘Zolltel.”’> For instance, an emmetropic eye 


1 4The statement in the text is not entirely clear: no actual spectacle glasses are used 
in this way. The condition that the so-called “spectacle magnification” shall be unity re- 
quires that the second principal point of the correction glass and the first focal point of the 
eye shall be coincident; which until quite recently was supposed to be the proper adjust- 
ment of the glass in front of the eye; but in modern “Punktal’’ lenses and similar types 
of spectacle glasses, this condition is not fundamental and is only approximately satisfied. 
(is Bo iCrs)) 

2 {The amplitude of accommodation, as defined by Donpmrs, is usually given by the 
formula 


peel 


SS ast) 


Pp 
where p and r denote the far and near point distances, respectively, both measured from the 
first principal point of the eye, and A (not the reciprocal of A) denotes the amplitude of 
accommodation. According to this expression, the amplitude of accommodation of the 
eye is equal to the refracting power of a thin lens which when placed at the first principal 
point of the eye would produce by itself an image of the far point at the near point. 
(aden. Catsy)) 

3 {Professor L. D. Wexp suggests the term “reciprocal inch.”” Opticians have long 
since adopted the “dioptry”’ for all such purposes, corresponding to the metre as unit of 
length; and the use of “Kilodioptry,” “Hektodioptry,” etc., corresponding to millimetre, 
centimetre, etc., respectively, has also been advocated. It is indicative of the author’s 
singular perspicacity that he recognized immediately the need of units of this kind, as soon 
as he became familiar with Donprrs’ method of measuring the amplitude of accommoda- 
tion and similar magnitudes. (J. P. C. 8.) 
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with a range of accommodation from infinity to 6 inches, a myopic 
eye with a range from 6 inches to 3 inches, and an hypermetropic eye 
with a range from 12 inches behind the eye to 12 inches in front of the 
eye, all have equal amplitude of accommodation, namely 6 units, 


because 
Auetlopdas dle: hye faybyn hy 
Cubhoom bo sae Gia 12.526 


The amplitude of accommodation continually diminishes with 
advancing years, at a rate which for emmetropic or nearly emmetropic 
eyes is approximately proportional to the age, being about 14 dioptries 
at 10 years,! and practically nothing at the age of 65. Loss of the 
power of accommodation, therefore, occurs naturally in old age, and 
Donvers confines the term presbyopia to this state. But it should be 
remarked that from about 50 years of age the far point also recedes 
from the eye, and an eye that was emmetropic in youth will eventually 
become hypermetropic, and an eye that was slightly myopic may in 
the same way get to be emmetropic. 

The gradual decrease of the amplitude of accommodation is prob- 
ably due to an increase of rigidity of the external layers of the crystal- 
line lens, the lens itself becoming less flexible. Moreover, according 
to the discussion in §10, an increase of the indices of refraction of the 
outer layers of the lens must produce a decrease of the refracting 
power of the lens and consequently cause the second focal point of the 
eye to be moved farther back. 

Another thing to be mentioned is that generally the efforts of 
convergence and accommodation are made simultaneously, and hence 
quite involuntarily there is some definite connection between the 
two innervations. Anyone who has not practised the voluntary con- 
trol of his accommodation finds it much easier to accommodate for 
distant binocular vision when the axes of the two eyes are parallel 
and to make the greatest effort of accommodation when the eyes are 
converged. Donpnmrs, therefore, differentiates between: 


(1) The absolute amplitude of accommodation, in which the far 
point is located with the axes of the two eyes parallel or even divergent, 
and the near point with the axes as convergent as possible. The 
near point of accommodation is farther off than the near point of 
convergence. This is the utmost possibleamplitude of accommodation, 
and in the case of a certain young emmetrope 15 years old was found 
to be as much as 1/3.69 “‘Zolltel.” 


1 @The text reads here ‘‘3¢ Zolltel”’ instead of ‘14 dioptries.” (J. P. C. 8.) 
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(2) The binocular amplitude of accommodation. In this case the 
convergence is not made any stronger than is necessary to fixate the 
point for which the eyes are accommodated. The power of accommo- 
dation thus attained is not quite as great as in the first case, the 
amplitude of binocular accommodation for the same individual being 
1/3.9. 

(3) The relative amplitude of accommodation for a given degree 
of convergence. For the same individual, with the axes of the eyes 
parallel, this quantity was only 1/11, reaching its maximum value 
1/5.76 for a convergence of 11°, and changing more and more slowly as 
the convergence increased. At 23° it was 1/6.4; with 38° convergence 
at the binocular near point, it was 1/9; and at the absolute near point, 
with 73° convergence, it became zero. 

In ophthalmic practice, therefore, it is necessary to choose some 
definite degree of convergence in order to make comparisons of powers 
of accommodation, and suitable lenses must be used to try to enable 
the patient to accommodate with this degree of convergence. 

For the determination of the far point, the most appropriate 
convergence is zero, the eyes being directed to a very distant object. 
The distance of the far point is directly equal to the focal length of the 
weakest concave lens in the case of a myopic eye, or of the strongest 
convex lens in the case of an hypermetropic eye, with which it is 
possible to see a very distant object with perfect distinctness. For 
the determination of the near point, DoNpERS recommends using a 
convex lens of such power as will bring this point invariably to about 
8 inches from the eye (supposing it to be naturally farther away than 
that), in order to insure a sufficient effort of accommodation. The 
effect produced by the lens must, of course, be taken into account 
in the subsequent calculation. 

Printed letters and figures of various sizes serve very well as test 
objects in measuring the refraction of the eye of an inexperienced 
patient.! 

On the whole it is advisable to employ suitable glasses in cases 
where the eyes have not sufficient accommodation for the occupation 
of the patient. Presbyopic eyes require a convex lens for reading 
or writing, and for near objects generally, in order to reduce the 
size of the blur circles. A stronger glass is needed in the evening or 
in weak illumination, when the pupil is wide open and the blur circles 

‘The following, for example, have been published: Schriftskalen, by Jancer, Jr., 
of Vienna, 1857; and Sneiien’s Test types for the determination of the acuteness of vision: 
London, Witi1ams & Noreate; GerMEr Batu: of Paris, Perer’sof Berlin and Greven 
of Utrecht. In the latter the type are arranged in a graduated scale of sizes and for each 


size the number of Paris feet is indicated, at which a normal eye should be able to read it. 
Similar charts have been made also by Giraup TruLon (Paris, NACHET). 


118, 119.] §11. Blur Circles on the Retina 141 


consequently larger, than is necessary in daylight or with bright 
illumination. The general rule is to use a lens which will bring the 
near point within 10 or 12 inches of the eye; except that for very old 
people, between 70 and 80 years of age, whose visual acuity is con- 
siderably reduced it is desirable to bring the image to 8 or 7 inches so 
as to increase the apparent size of the object. 

It is particularly important to prevent myopes from holding the 
head down to look at near objects and from converging their eyes too 
much, because the stretching, pulling and distension of the mem- 
branes at the back of the eye, which thus result from the increased 
blood-pressure and muscular strain, soon get worse, and the increased 
myopia may seriously impair the vision and be dangerous. In the 
milder degrees of near-sightedness for which the distance of the far 
point exceeds 5 inches, it is generally permissible to use concave 
spectacles, and wear them constantly, that have the effect of removing 
the far point to infinity. This virtually transforms the myopic eye 
into an emmetropic one. The patient must, however, never hold 
_ books, writing, sewing, etc. nearer than 12 inches from the eye. If 
the eyes are otherwise in good condition, it is possible to read and write 
without difficulty at this distance; but if it becomes necessary to 
engage in work requiring closer examination, the patient should 
employ weaker concave, or perhaps even achromatized prismatic, 
lenses (the latter being thicker on the side towards the nose), so that 
very near objects may be seen with less effort of accommodation and 
convergence. 

Near-sighted people who have never worn spectacles must some- 
times become accustomed to them gradually, in order to allow the 
connection between accommodation and convergence to adjust itself 
to the new conditions. Weaker lenses are provided at first, and 
after the patient has had some experience with them, stronger ones 
may be substituted which will completely neutralize the myopia. 
In the case of shorter ranges of accommodation or of considerably 
reduced visual acuity, it will usually be found better to use weak lenses 
for viewing the ordinary near-by objects and to have a lorgnette for 
seeing at a distance.’ 

In the higher degrees of myopia the eye is usually painful and 
dangerously affected. There are numerous other considerations that 
cannot be discussed here, and a competent oculist should by all means 
be consulted. The general indifference of near-sighted people to the 
condition of their eyes is responsible for many subsequent disorders 
and much blindness, and the patient cannot be too earnestly warned 
against such neglect. 


1 € Bifocal lenses are now generally employed instead. (L. D. W.) 
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Hypermetropic eyes require convex glasses. It is a good plan to 
give a patient of this kind at first a glass that is a little too strong for 
him, so that he cannot see a distant object~distinetly with it until he 
has learned how to relax the accommodation that he has always been 
in the habit of using. In proportion as he ceases to exert accommoda- 
tion, the strength of the lens should be increased. As the amplitude of 
accommodation diminishes, an hypermetrope requires stronger convex 
glasses for near vision and weaker lenses for far vision. Thus, by 
proper choice of spectacles, the very severe disability due to continual 
strain of accommodation can be entirely relieved, and one of the 
greatest triumphs, in a practical way, that have been achieved by the 
new ophthalmology is this simple remedy that can now be used in the 
most obstinate cases of asthenopia resulting from far-sightedness, 
which used to be the despair of both patient and oculist. 
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§12. Mechanism of Accommodation! 


The known changes that occur in the different parts of the eye 
during the accommodation are as follows: 

1. The pupil contracts in accommodation for near vision and 
dilates for far vision. This change is readily observed and has long 
been known. It is to be observed in every eye which alternates between 
near and far vision in the same direction. A lasting contraction of 
the pupil due to too long exposure to an excessive degree of illumination 
must, however, be avoided. 

2. The pupillary margin of the iris and the centre of the anterior 
surface of the lens move forward slightly in incipient accommodation 
for near vision. In order to observe this, a well-defined distant 
fixation point is chosen, and a needle point interposed as the object 
for near vision. With one eye occluded, the point of the needle is 
brought into exact alignment 
with the distant fixation point. 
The eye must be kept steadily 
focused in this position and not 
allowed to wander to one side, 
because the success of the ex- 
periment depends entirely on 
keeping the direction of the eye 
unchanged. The observer is 
placed so as to look at the cornea Fig. 59. 
of the subject’s eye from one 
side and slightly from behind, where he can just see the black pupil 
of the eye protruding about halfway in front of the corneal margin of 
the sclerotica when the eye is focused on the distant object. If the 
subject then fixes his vision on the nearer object, that is, on the needle 
point, the observer will notice immediately that the black oval of the 
pupil, and perhaps also a portion of the margin of the iris nearest him, 
becomes visible in front of the sclerotica. Fig. 59a shows the appear- 
ance of the eye for the case of far vision, and Fig. 596 its appearance 
for near vision. The alteration in the position of the black spot becomes 


b 


1 See also Appendix IV to Part I. G. 
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most noticeable by watching the width of the bright interval between 
it and a darker band cic. that appears on the anterior edge of the 
cornea. This band isthe distorted image of the margin of the sclerotica 
projecting beyond the iris on that side of the eye as made by the re- 
fraction through the cornea. As its inner surface is usually in shadow, 
it looks darker than the iris, which is illuminated from in front. When 
accommodation for near vision begins, the interval between this strip 
C2 and the dark pupil becomes perceptibly smaller. If the pupil- 
lary margin did not move forward, this interval would, on the con- 
trary, become wider in near vision, because the pupil contracts 
uniformly along all diameters. It would become wider likewise if the 
forward movement of the pupil occurred as a result of an accidental 
turning of the subject’s eye towards the observer. Therefore, by watch- 
ing the dark band above mentioned, there is no possibility of any 
deception. It was pointed out in §3 that the anterior surface of the 
lens is always in close apposition to the pupil. 

3. The anterior surface of the crystalline lens becomes more 
convex in near vision, less convex for far vision. This fact can be 
demonstrated by the reflex in the anterior surface of the lens. As in 
the previous experiment, two well-defined objects serving as fixation 
points have to be aligned by the eye. The room must be completely 
dark and, except for a large bright flame, which is adjusted on a level 

with the eye to 

2@. one side of the line 

x of sight, no larger 
a or brighter object 
F- we should be in front 
# of the eye, so as 

Pe to prevent all dis- 

c® turbing corneal 

reflections. In 
Fig. 60, the eye of the subject is supposed to be at A, a cross section of 
the flame is shown at C, and the nearer and farther points of fixa- 
tion are designated by n and f, respectively The observer must now 
adjust his own eye (B) on a level with the eye of the subject and place 
the lamp so that the angle BAf is about equal to the angle CAf. He 
moves his eye back and forth in the neighbourhood of B until he 
catches the reflexes from both surfaces of the lens. These images 
(Fig. 61, 6 and c) are not as bright as the reflex from the cornea (a). 
The image (b) in the anterior surface of the lens is erect and some- 
what larger than that in the cornea, but it is usually so faint that it is 
almost impossible to recognize the exact form of the flame. Its ap- 
parent position is far behind the pupil (8 or 12 mm). Consequently, 


Fig. 60. 
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it vanishes behind the edge of the iris on the slightest movement 
of either the observer’s eye or of the light. This image will be called 
the first lens reflex, to distinguish it from the second 
lens reflex in the posterior surface. The latter (Fig. 61, 
c) is inverted and much smaller than the corneal reflex 
and the first lens reflex, and therefore it appears as a 
bright, fairly well defined little spot. Its apparent posi- 
tion is Just beyond the surface of the pupil, about a 
millimetre away. Hence, its displacement with respect 
to the pupil and the corneal reflex is comparatively 
slight when the observer moves his head. When the patient’s eye is ac- 
commodated for near vision, the first lens reflex becomes considerably 
smaller and usually approaches the centre of the pupil. The reduction 
in the size of the image may be seen best by using a shield, instead of 
a flame, with two openings in it in a vertical line which are both 
illuminated from behind. The same result can be obtained by using 
a plane horizontal mirror adjusted under a flame so that the flame 
and its image in the mirror are like two similar sources of light. Each 
of the reflex images in the eye will ap- A PB 
pear then as a pair of luminous spots, 
and the way in which the pair belong- 
ing to the anterior surface of the lens 
approach each other or separate, accord- 
ing as the eye looks at the near object 
or the far object, may be easily and 
clearly seen. In Fig. 62, the reflexes for 
far vision are illustrated in A, and for near vision in B; the corneal 
reflex is marked a, the first lens reflex b, and the second lens reflex c. 
The source of light in these diagrams is supposed to be a pair of rectan- 
gular slits illuminated from behind. 

The size of the image of a given object in a convex mirror is 
proportional to its radius, and consequently the experiment above 
proves that the anterior surface of the crystalline lens becomes more 
convex in accommodation for near vision. It is true that a very slight 
reduction in the size of the reflex would occur as a result of the refrac- 
tion of the rays in the cornea if the anterior surface of the lens merely 
approached the cornea without altering its convexity, but a simple 
calculation is sufficient to show that the reduction in the size of the 
mirror image from this cause would be extremely insignificant as 
compared with what actually occurs. 

4. The reflex in the posterior surface of the lens likewise becomes 
somewhat smaller in accommodation for near vision. In order to 
verify this, more exact methods of observation have to be employed, 


roid does 
Fig. 61. 
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which will be described in a supplement to this section. These methods 
show that the apparent position of the posterior surface of the lens 
(as seen through the lens and cornea) is not appreciably altered. 
As the apparent position of the posterior surface of the lens is but 
slightly different from its actual position, and as the shifting of the 
cardinal points of the eye during accommodation, as will be pointed 
out presently, is of a kind that is calculated to have at least a partly 
counteracting influence on this apparent position, it may be assumed 
that the actual position of the posterior surface of the lens is not 
appreciably altered in accommodation. The shifting of the cardinal 
points has also a partially counteracting influence on the size of the 
second lens reflex. However, it may be demonstrated that no assump- 
tion as to possible variations of the optical constants is sufficient to 
account for the amount of reduction in the size of the image in near 
vision that is actually observed. It may, therefore, be inferred that the 
posterior surface of the lens also becomes more convex in near vision, 
but only to a slight extent. 

As these observations indicate that, in addition to the changes of 
curvature, the anterior surface of the lens must become thicker in the 
middle in near vision; and since its volume cannot alter, it must be 
also inferred that the equatorial diameter of the lens is shortened. 

In the cross section of the anterior portion of the human eye 
shown in Fig. 63, the cornea and lens are drawn on a 5 to 1 scale from 
actual measurements of a living eye as made by the author. On the 
side marked I’, it shows these structures when accommodated for 


Fig. 63. 


distant vision, and on the side N for near vision. The ciliary processes 
in this figure are drawn as if the section passed through the folds of 
the zonule situated between the processes. This is done so that the 
relations of the zonule may be seen. The anterior and posterior edges 
of its folds are marked aa and bb, respectively. 

The effect of the increased convexity of the surface of the lens 
is to shorten its focal length, its two principal points being shifted 
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forwards at the same time. This is partly due to the forward displace- 
ment of the anterior surface of the lens and partly because the increase 
of curvature of the anterior surface is greater than that of the posterior. 
Both circumstances conspire to bring rays, coming from the external 
source of illumination and converging from the cornea on the lens, to a 
nearer focus than they would have in the far seeing eye. The mag- 
nitude of the changes observed in the lens of a living eye seems also to 
be sufficient to account for the amplitude of accommodation. 

No other changes in the ocular media, which could have an effect én 
accommodation, have been observed. In particular, the curvature of 
the cornea remains entirely unaffected throughout the process. On 
the other hand, it is conceivable that accommodation for near vision 
might be aided by an elongation of the eyeball as a whole produced by 
the simultaneous contraction of all six eye-muscles. However, there 
is no indication of any such process, nor does it seem to be necessary. 
Furthermore, it seems to be contrary to the results of the author’s 
experiments as described in § 2, which show that a change of pressure 
in the eye is accompanied by a change in the convexity of the cornea; 
whereas no such change in its convexity during accommodation has 
been observed. As a further objection to this conjecture, it might be 
pointed out that even a slight continuous pressure on the eye reduces 
the amount of blood in the vessels of the retina and makes it insensitive 
to light. 

As to the mode by which the deformation of the lens is produced, no 
one has yet been able to answer this question with certainty. Earlier 
investigators, like THomas Youne, supposed that the lens is composed 
of muscle fibres which was therefore called the musculus crystallinus. 
Even if the fibres of the lens could possibly be considered homologous 
to muscle fibres, in spite of their entirely different form, no nerve 
fibres run to the lens. Their presence in such transparent structures as 
are here under consideration could hardly have escaped observation. 
Besides, all experiments in which induced electric current has been 
applied to fresh animal lenses have failed to produce any change in 
form, though this produces contraction in all known muscular struc- 
tures. Such experiments were carried out, for example, by CRAMER! on 
the eyes of freshly killed seals and birds. Changes in the form of the 
lens were obtained as long as the iris and ciliary apparatus were un- 
injured, but the extirpated lens failed to give them. In collaboration 
with v. Wirricu, the author has conducted similar experiments on the 
lenses of freshly killed rabbits and frogs, with the same negative 
results. 


1 Het Accommodatievermogen. p. 58 and 86. 
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However, CrAMER found that the changes of accommodation could 
be reproduced on extirpated eyes if an induced current were passed 
through the anterior portion of the eye. His experiments may be 
described as follows: A wooden ring of a proper size was placed upon 
the stage of a microscope having a flat illuminating mirror, and on this 
ring the eye of a seal (phoca littorea), five weeks old, was placed with 
the cornea downwards. The animal had just been killed by strangula- 
tion. The eyeball was freed from muscles, fat and other adjacent 
parts, and a portion of the sclerotica, choroid and retina carefully 
removed from the dorsal surface without injury to the vitreous humor. 
By ingenious adjustment of the microscope and its mirror, CRAMER 
was able to observe the image of a candle flame, about 35 cm away, 
clearly depicted on the posterior surface of the vitreous humor when 
the latter was viewed under a magnification of 80 diameters. As soon 
as the current of a little electro-magnetic machine was transmitted 
between the two sides of the cornea, the image became larger and more 
indistinct. CRAMER then passed a cataract needle through the edge of 
the cornea, inserting its point through the pupil behind the iris and 
cut the iris so that it had a radial cleft which passed from its base to 
the pupil. After this procedure the electric current produced no change 
in the image. These experiments were not successful when carried out 
on the eyes of dogs and rabbits, because right after death the pupil 
becomes very small, and rather strong electric currents cause the lens 
to become opaque (probably through electrolysis). Cramer found 
that the action of electric currents on the eyes of pigeons changed the 
reflex on the anterior surface of the lens, but not on the cornea. The 
change of the image on the anterior surface of the lens could be ob- 
served better in extirpated eyes from which the cornea had been 
removed. The increased convexity of the lens continued as long as the 
current of the induction apparatus was passed through it and dis- 
appeared when it stopped. It could not be produced after the iris had 
been removed. 

CRAMER’S conclusions were, primarily, that the form of the lens is 
altered by contractile structures contained in the eye itself; and, 
moreover, he regarded the iris as the special organ that was chiefly 
responsible for these changes. He attributed a marked convexity to 
the iris because he regarded its origin as being on the inner surface of 
the musculus ciliaris farther back than previous anatomists had 
supposed. According to his assumption, both the circular and radial 
fibres of the iris contracted simultaneously to produce accommodation 
of the eye for near vision. Thus the circular fibres would give the 
radial fibres a fixed point of attachment at their central end, which, 
being tense, would exert pressure on the parts behind them (edge of 
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lens and vitreous body). The result would be a tendency on the part 
of the very yielding elastic lens to bulge out through the pupil at the 
only place where there was no pressure against it, and so to become 
more convex. The contraction of the pupil in near vision would also be 
explained as due to the compression of the annular muscle of the 
pupil necessary to give the radial fibres of the iris a hold at the inner 
end. 

Donvers called attention to the fact that the elastic tissue on the 
inner wall of ScHLEMm’s canal, to which the periphery of the iris is 
attached, might have some significance in accommodation. The iris 
and the ciliary muscle are attached in common to this wall of the canal 
and the muscle fibres pass backwards to be attached to the choroid. 
With the choroid as its fixed point, any contraction of this muscle 
might stretch the elastic tissue in the wall of ScHLtEmm’s canal and 
thus draw the base of the iris backwards. As a result, it would be 
in a more favourable position to exert pressure on the structures lying 
behind it. 

Indeed, it is easy to see that the peripheral parts of the iris must 
go backwards if the centre of the lens and the pupillary margin of the 
iris move forwards. For the volume of the aqueous humor contained 
in the anterior chamber of the eye is constant. If it has to give way in 
the middle on account of the bulging out of the lens, it will be forced to 
the sides and consequently push back the peripheral parts of the iris. 

CRAMER has remarked that the mode of extension of the anterior 
chamber in near vision in the case of children may be seen with the 
naked eye. The author has found that this can be observed also in 


Fig. 64. 


adults by means of a special way of illuminating the eye. If the light 
falls on the eye entirely from the side so that the iris is mostly in 
shadow, a curved bright band or caustic line can be seen by an observer 
who adjusts his eye at the proper place on the side opposite the light. 
In the lower half of Fig. 64 the paths are shown of a pencil of parallel 
rays refracted at a spherical surface separating air from a medium of the 
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same index of refraction as the aqueous humor. The focus of the 
central rays is designated by F. The outer rays do not go through 
this focus, but intersect the adjacent rays and form thus a caustic 
surface, a meridian section of which is represented by the are GF. 
The outermost ray CB is refracted along BH. The caustic curve GF 
ends at the point G at the middle of the chord in which the straight 
line BH cuts the circle. Suppose now that planes are passed through 
the refracting sphere situated like the iris in the aqueous humor. For 
example, if the straight line goP> is the trace of a plane perpendicular 
to the plane of the diagram, its entire anterior surface would be 
illuminated with light. But if the plane were passed through qiP,, 
part of it would lie in front of the outside refracted ray BG, and be 
illuminated. The part beyond it would remain dark. If the plane 
were passed through qg:P:, it would cut the caustic surface. Here 
again a part would be light.and a part dark, but the boundary between 
the illuminated and non-illuminated portions would stand out as a 
bright line corresponding to the line in which the plane q2P.2 cuts the 
caustic surface. It may be seen from the figure that, if the portion of 
the plane, q2P2, which cuts the caustic surface, were to move back- 
wards, that is, away from the refracting surface, the bright line would 
approach the border. 

Now this can be observed on the iris when the eye is accommodated 
for near vision. If the patient’s eye is illuminated from the side so 
that the caustic curve appears at the ciliary margin of the iris, and if 
he looks alternately at a near and a far object in the same line, the 
caustic curve will be seen to approach the 
margin of the iris on accommodation for 
near vision and move away from it in far 
vision. This illumination of the iris is shown 
in Fig. 65. The light falls on the eye from 
the side in the direction of the arrow. The 
corneal reflection of the light is visible at 6 
on the side towards the light. The caustic 
curve with its light shining partly through 
the projecting edge of the sclerotica is seen on 


the other side at a. 

According to the suppositions of CramMmR and Donpgrs, the iris 
and the ciliary muscle produce the change of the form of the lens by 
increasing the pressure in the vitreous body and on the outer margin 
of the lens in such fashion that only the centre of its anterior surface 
behind the pupil is free from the increased pressure. It is possible 
that the increase in convexity of the anterior surface of the lens which 
CraAMeER noticed first might be explained on this basis. 
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On the other hand, the change of the shape of the lens, as shown by 
the writer’s measurements, cannot be explained without the aid of 
some other force. The lens could not become thicker in the middle as 
a result of the hydrostatic pressure acting on its posterior surface and 
edge. Such a pressure would tend to cause the equatorial plane of the 
lens to bulge forwards and, consequently, to make its posterior surface 
flatter. 

An assumption which would appear to avoid this difficulty is that 
in the passive, far seeing state of the eye the lens is stretched by the 
zonule attached to its edge. The folds of the zonule pass outwards and 
backwards from their insertion on the capsule of the lens, thereby 
forming sheaths for the ciliary processes, and are attached to the post- 
erior extremities of these processes and to the ciliary muscle, where 
they finally coalesce with the hyaloid membrane, retina and choroid. 
On contraction, the ciliary muscle could pull the posterior end of the 
zonule forwards nearer the lens and reduce the tension of the zonule. 
But the effect of the tense zonule is to exert a pull on the lens along its 
equatorial diameter, and thus to shorten its axis and make its surfaces 
flatter. If the pull of the zonule is relaxed in accommodating for near 
vision, the equatorial diameter of the lens will diminish, and the lens 
will get thicker in the middle, both surfaces becoming more curved. 
If the pressure of the iris is superadded, the equatorial plane of the 
lens will bulge forwards, increasing the curvature of the anterior 
surface and decreasing that of the posterior surface, so that the latter 
may be approximately equal to its original amount when the lens is 
accommodated for far vision. 

It would seem that the changes in form of the lens could be ex- 
plained on this basis. Besides, it is relatively easy to change the form 
of the lens in dead eyes by cutting the zonule. This would also agree 
with the fact that the writer has found the thickness of the lens of a 
live eye adjusted for distant vision less than it ever is in the lens of a 
dead eye. This difference can hardly be attributed to a swelling of the 
lenses of cadavers by the absorption of water, since, according to 
W. Kravsr’s observations, the indices of refraction of the outer, 
middle and inner layers of the lenses from calves 24 hours after death 
are exactly the same as directly after death. One would expect a 
decrease of the index of refraction in consequence of the absorption 
of water. 

In order to give asummary of the probable variations of the optical 
constants and cardinal points of the eye that occur in accommodation 
for near vision and, at the same time, to show that the observed changes 
in the form of the lens are sufficient to account for accommodation, the 
author has calculated the optical constants for two accommodations 
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of a schematic eye that correspond closely to certain accommodations 
which he measured. The only difference between the eye as adjusted 
for far vision and Listine’s schematic eye is that the surfaces of the 
lens are slightly more to the front, and the lens itself is supposed to be 
thinner. The indices of refraction of the aqueous and vitreous humors 
and of the crystalline lens are assumed to have the same values as 
given by Listine, namely, 103/77 and 16/11, respectively. Distances 
are expressed in mm, and the positions of the various points are given 
by their distances from the vertex of the anterior surface of the cornea. 
On the assumption that when accommodated for distance this schem- 
atic eye can see distinctly at infinity, the axial point of the retina will 
be 22.231 mm beyond the anterior surface of the cornea. The calcula- 
tion for the other state of accommodation is based on the assumption 
that the image of an object 118.85 mm in front of the first focal point 
of the eye, or 130.09 mm from the vertex of the cornea, is sharply 
focused on the retina. This agrees with the amplitude of accommoda- 
tion of a normal eye. 


Accommodation for 


far vision near vision 
Assumed: 
Radius of curvature of cored)... 0 accent ee reee 8.0 8.0 
Radius of curvature of anterior surface of lens......... 10.0 6.0 
Radius of curvature of posterior surface of lens........ 6.0 5.5 
Position of anterior surface of lens.................... 326). 3.2 
Position of posterior surface of lens................... 7.2 7.2 
Calculated: 

Anterior focal length of cornea. .....- 20; <2+06.2- 0000s 23.692 23.692 
Posterior focal length of cornea..................00:. 31.692 31.692 
Focaltlengthvoflenstcnnoctie slo fen cane eee 43.707 33.785 
Distance of anterior principal point of lens from anterior 

SUELAGCE Se athe fiaatderei ele oS teins ce Eee ae 2.1073 1.9745 
Distance of posterior principal point of lens from posterior 

SUTLACE Aina alee ere © osc eic eis ake lve ooN OE oR: Sree 1.2644 1.8100 
Distance between the two principal points of lens....... 0.2283 0.2155 
Posterior focallengthiofievemunn oe ee ene 19.875 17.756 
Anterior focal-lengthrot €ye's wards. 1) eek eee 14.858 18.274 
Position of the anterior focal point................... —12.918 —11.241 
Positionof the first principal pot. ..........5.+:+... 1.9403 2.0330 
Position of the second principal point................. 2.3563 2.4919 
Positiontof the:firstmodalipomnt sn. ece se ee eee es 6.957 6.515 
Position of the second nodal point.................... 7.373 6.974 
Postition of the posterior focal point.................. 22/2381. 20.248 


Some earlier observers! employing less precise methods of investiga- 
tions were led to suppose that they had found variations of the curva- 


*J. P. Lost, Diss. de oculo humano. Ludg. Batav. 1742. p. 119. — Homn, Philos. 
Transact. 1796. p.1. 
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ture of the cornea. Subsequent more accurate measurements of this 
convexity with the aid of reflex images have shown that it remains 
entirely unchanged. Such measurements have been made by Srnrr,! 
CraMER’ and the author himself. These experiments can be made 
very exactly with the ophthalmometer, inasmuch as a change of 
1/200 of the length of the radius may be observed. It would require a 
change of the radius of the cornea from 6.8 mm to 8 mm to produce by 
itself a range of accommodation of the eye from 5 inches to infinity. 
The author’s own results have invariably been negative. A very 
ingenious experiment of THomas Youne which gives the same result 
should be mentioned here. He describes it as follows: ‘From a 
small botanical microscope I take a double convex lens having a radius 
and focal length of 0.8 inch, which is fastened in a socket one-fifth of 
an inch deep; securing its edges with wax, I drop into it a little moder- 
ately cold water till it is three-fourths full, and then apply it to my 
eye, so that the cornea projects into the socket, and is everywhere in 
contact with the water. Forthwith my eye becomes far-sighted, and 
the refracting power of the glass lens, which is reduced by water to a 
focal length of about 1.6 inches, is not sufficient to supply the place of 
the cornea, which has been disqualified by the superposition of the 
water; but the addition of another lens, of five inches and a half focus, 
restores my eye to its natural state, and somewhat more. I then use 
the optometer, and find now the same inequality in the horizontal and 
vertical refractions as without the water; and in both azimuths my 
power of accommodation enables me to focus an object four inches 
away, asformerly. At first sight, indeed, my accommodation appeared 
to be a little less than it was, and sufficient only for a range extending 
from infinity to five inches from the eye; which led me to believe that 
possibly the cornea did have some slight effect in the natural state; 
but, reflecting that the artificial cornea was about a tenth of an inch 
before the place of the natural cornea, I calculated the effect of this 
difference, and found it exactly sufficient to account for the diminution 
of the range of vision.” 


An approximate estimate, at any rate, may be obtained of the amount 
of the forward displacement of the pupillary margin of the iris in near vision, 
after having calculated the dimensions and convexity of the cornea and the 
distance of the pupillary plane from it. In Fig. 66 the cornea is represented 
by C and its outer edges are marked c and d; and ab is the pupil for far vision. 
Suppose the observer is so placed with respect to this eye that its entire pupil is 
just hidden; then cb must be the path of the observer’s line of vision in the 
aqueous humor of the patient’s eye. If, when the latter is focused for near 
vision, the entire pupil becomes just visible in front of the rim of the sclero- 


1 Wacner, Handwérterbuch der Physiologie. Art. Sehen. 
2 Het Accommodatievermogen der Oogen. Haarlem 1853. p. 45. 
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tica, and if its width a@ is perceived, it must lie in front of the line cb. Yet 
it must touch this line, as was shown by Fig. 60. Thus the amount of the 
displacement may be at least approximately found. In the eyes which the 
writer measured this displacement amounted to 0.36 mm for O. H.’s eye and 
to 0.44 mm for B. P.’s eye. In case the 
pupil does not move forwards the whole way 
in near vision, but, say, only half-way or 
two-thirds, the amount of forward move- 
ment must be estimated, and a calculation 
made accordingly. 
The radius of curvature of the anterior 
Fig. 66. surface of the lens may be measured by the 
a) aid of the reflex image in it. However, the 
reflex in this case is too faint and vague for its distance to be measured exactly 
with the ophthalmometer. If, on the other hand, there is produced a corneal 
reflex of variable size along with the first lens reflex, the sizes of the two 
images may be readily compared by the naked eye, and they may be made 
equal. It is easy to find the size of the corneal image either by measurement 
or by calculation. For example, the author adjusted two bright flames in a 
vertical line with each other so as to be reflected in the anterior surface of the 
lens; and at the same time two other flames, smaller and fainter, were reflected 
in the cornea, so that their images appeared to be close to the reflexes in the 
lens, and at the same distance apart. Instead of using a pair of flames, a 
single flame and its reflected image in a horizontal mirror is more convenient.! 
The reflex images in the anterior surface of the lens for both near and far 
vision were measured in this way; and it was found that, in eyes with good 
accommodation, the image in the anterior surface of the lens in near vision is 
only about 5/9 as large as that in far vision. The image is formed by an 
optical system composed of a refracting and a reflecting surface; whose focal 
length may be calculated by equation (8b), §9, from the size of the image and 
the size and distance of the object; since the above mentioned formula 
applies to reflecting systems also. The radius of the reflecting surface may be 
found when the focal length of the compound system has been ascertained. 
The two focal lengths of the refracting system which lies in front of the reflect- 
ing surface will be denoted by fi, fe, and the radius of the reflecting surface 
will be denoted by r, to be reckoned positive or negative according as the 
mirror is concave or convex, respectively. Hence, if, finally, the distance of 
the vertex of the reflecting surface from the second principal point of the 
refracting system is denoted by d, the focal length of the compound reflecting 
system will be: 


e Safar *» tidiagel Yuk osyoaatd 
1 2fa—d) (fo—d Fr) 


Now by this formula, q will diminish when d becomes smaller, that is, when the 
anterior surface of the lens approaches the cornea. But when g becomes 
smaller, the size of the reflex image of a distant object will also decrease in the 
same proportion. However, as the change of d amounts to only about 
0.4 mm, and that of (f.—d) to about 28 mm, and that of (fo—d+r) to 
about 38 mm, the change in q is found to be extremely small and amounts only 
to about 1/40 of its total value; whereas the direct observation of the image 
gives a reduction of about 4/9. It is obvious, therefore, that the reduction 
in the size of the image is not to be explained as due to the forward movement 
of the anterior surface of the lens, but must, as a matter of fact, be produced 
simply by an increase of the curvature of this surface. The following results 
were obtained in this way by measurements of living eyes: 


1 Graeres Archiv f. Ophth. Bd. I. Abt. 2. S. 45. 


130, 131.] §12. Mechanism of Accommodation 155 


Radius of curvature Displacement of the 
Eye of anterior surface of lens pupil) in accommodation 
for far vision for near vision for near vision 
Ov: 11.9 8.6 0.36 
Bary 8.8 5.9 0.44 
Up dee I 10.4 


In order to calculate the radius of curvature of the anterior surface of the 
lens by the above equation, the radius of curvature of the cornea and the 
distance of the anterior surface of the lens (pupil) from the cornea must both 
be known. Each of these magnitudes had already been measured in the eyes 
mentioned above. 

The reflex image of a distant object as seen in the posterior surface of the 
lens likewise changes in size with changes of accommodation of the eye, but 
to a very slight extent. The writer watched this variation through the 
ophthalmometer by observing the reflex images in the 
posterior surface of the lens due to two illuminated aper- 4 
tures in a screen, in a vertical line on one side of the axis sos a 
of the eye. The cornea reflexes were formed alongside the 
second lens reflexes, as shown in Fig. 67; where ap and a; 
are the two images of the lower light, and bo and b; of the 
upper. The images a; and bo were not superimposed but 
appeared close together side by side so that they could be 5 
distinguished apart. In accommodation for near vision, Fig. 67 
bo shifted a little towards ao, and a; towards b;; the amount nite 
thereof being estimated as equal to half the width of each spot of light; and 
since the distance between the centres of the apertures in the screen was six 
times the length of one of them, the reduction of the size of the image was 
about 1/12 its total size. 

Finally, the author tried to determine whether the posterior surface of 
the lens was also shifted forward in accommodation for near vision. The 
method employed for this purpose was the same as that used for finding the 
apparent distance of the posterior surface of the lens from the cornea. With 
the same arrangement of the apparatus, an examination was made to see 
whether the reflex in the posterior surface of the lens is altered when the 
accommodation of the eye is varied without changing the direction of the optic 
axis. For this purpose, the light and the telescope were placed one on the 
right and the other on the left, and afterwards interchanged. However, the 
author was not able to detect any changes of the position of this reflex under 
these circumstances. The apparent distance of the posterior surface of the 
lens from the cornea is therefore not appreciably altered by change of 
accommodation. 

From these observations of the reflex image in the posterior surface of the 
lens and of the apparent place of this surface, what can be inferred as to the 
real changes of this surface? Its apparent place is certainly very little affected 
by the refraction through the lens, because this surface is quite close to the 
posterior nodal point of the lens. Hence, it may, be concluded that any 
possible variations of this apparent position due to changes of the refracting 
power of the lens in accommodation are negligibly small. For example, in 
the two schematic eyes whose optical constants were computed in this section 
by way of illustration, the posterior surface of the lens was apparently shifted 
forward 0.191 mm in far vision, and 0.113 mm in near vision. Thus, whereas, 


& 
a& 
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as a matter of fact, it stayed fixed, yet when the eye was acommodated for 
near vision, this surface apparently moved backwards 0.078 mm. But this 
is too small to be perceived. Besides, this calculation is merely useful to 
show that the movements and their differences are after all very minute, 
without indicating at all the real sense of the variation in the actual crystalline 
lens itself, because in this case the separation of the principal points of the 
lens is an essential consideration, which is certainly smaller in the actual 
lens than in the schematic homogeneous lens. 

All that can be said, therefore, is that the actual position of the posterior 
surface of the lens is not appreciably altered by the changes incident to 
acommodation. 

In order to ascertain the effect of changes of the ocular media on the reflex 
image in the posterior surface of the lens, suppose that the reflecting surface 
were separated from the last refracting surface of the eye by an extremely thin 
layer of vitreous humor. Under such circumstances, the cardinal points of the 
refracting system will be the same as the cardinal points of the eye. Let 
the index of refraction of the vitreous humor be denoted by n; and, also, let 
the distance of the posterior focal point of the eye from the posterior surface of 
the lens be denoted by p, and let the distance of this surface from the second 
nodal point of the eye (measured therefore towards the front of the eye) be 
denoted by e. In equation (1), which gives the focal length of a combined 
retracting and reflecting system, the following substitutions have to be made: 


ji=pa€ 
fo=n(p+e) 
fo—d=p. 
Here, therefore, the focal length of the compound system becomes: 
Line (pst) PAS ae oe Shee eee 
12 ppt) 


In accommodation for near vision ¢ invariably gets greater because the nodal 
point of the eye must move forwards with the change of shape of the lens. 
For this reason, if rand p did not change at all, the value of g and the size of 
the reflex image must both increase. But in accommodation for near vision 
p does diminish, which involves a decrease in the value of q as these magni- 
tudes are related in the eye. Differentiating with respect to p, we find: 


dq_nr pte 

dp 2 p(p+r) 
Only the last factor in this expression, contained in square brackets, can be 
negative, though in the normal eye it will probably not be so, because « is very 


[pr —(2p-+r) e]. 


small as compared with p andr. Therefore oe wil be positive, that is, q 


and p will both increase or decrease together. In accommodation for near 
vision, p becomes smaller (if we neglect for the time being the change in « 
and consider r constant) and therewith both g and the mirror image on the 
posterior surface of the lens become smaller also. Indeed, it might be sup- 
posed that the observed reduction in the size of this image was due to this 
cause, were it not for the fact that calculation by equation (2) shows that this 
isnot the case. If we take from Listin@’s schematic eye the values p = 14.647, 
«= 0.3601, r=6, then p would have to diminish to 10.597 for q to be reduced 
to 1/12 of its total value. This implies, therefore, that the posterior focal 
point of the eye has receded to 4 mm in front of the retina, which exceeds the 
possible variation of the position of this point. But as a part of the reduc- 
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tion in size of the image produced by this means would be counteracted by the 
forward displacement of the nodal point due to increase of «, as already ex- 
plained, undoubtedly, the reduction in size of the reflex in the posterior sur- 
face of the lens cannot be what it is seen to be unless there is some increase in 
the curvature of this surface, slight as it may be. 

When the values of ¢ for the focal lengths of both of the schematic eyes of 
this section are computed, the results are 5.6051 for the case of far vision and 
5.3562 for the case of near vision, these magnitudes differing from each other 
by no more than about 1/21 of their average values, whereas the correspond- 
ing radii of curvature (6 and 5.5 mm) differ by 1/12. Here the change of the 
refracting medium partially conceals that of the radius of curvature and makes 
it appear to be smaller than it really is. The conclusion is that the posterior 
surface of the lens becomes more curved in accommodation for near vision. 

It is important for the mechanism of accommodation to know exactly 
the point of origin of the iris. In Fig. 3 Scutemm’s canal with its surrounding 
area was represented as it appears in very thin sections of the tunics of the 
eye. A is the cross section of the canal which probably forms an elongated 
cleft in the living eye accommodated for far vision; C is the cornea, S the 
sclerotica, D the conjunctiva, B the choroid, £ a ciliary process and J the iris. 
The inner wall of the canal is made up of different tissues. The most posterior 
portion of this wall at a very evidently consists of the same type of closely 
interwoven white fibrous tissue as the sclerotica from which it arises. The 
anterior portion, on the contrary, consists of another type of tissue which is 
more opaque than fibrous tissue, and consists of fibres which are more sharply 
defined and are very resistant to the action of acetic acid and potash. Conse- 
quently, it may probably be considered elastic tissue. In front this portion of 
the wall is inserted between the membrane of Drscemet and the cartilagi- 
nous substantia propria of the cornea. Behind it is partly attached to the 
posterior fibrous portion of the wall and partly unites with the fibre bundles of 
the tensor muscle of the choroid. The choroid is attached only to the posterior 
half of the inner wall of ScHLEMmM’s canal at the point where the fibrous and 
elastic portions unite. However, from the anterior portion of the wall of the 
canal there originates also a loose network of fibres which exhibit the char- 
acteristics of elastic tissue and which are inserted on the periphery of the iris. 
The mass of fibres which belong to the tensor muscle and the iris seem to arise 
partly from the wall of the canal, though some seem to pass directly from the 
choroid to the iris. In the tissue of the ciliary processes a large number of 
sectioned blood vessels of wide lumen are visible and on their surface towards 
the vitreous humor is the layer of black pigment. tl 

In order to be convinced of the correctness of the structure of the iris as 
here stated, it is necessary, on the one hand, to examine thin sections of the 
dried tunics of the eye, taking into consideration the fact that the process of 
drying produces much distortion, and that the elastic fibres are very easily 
torn or broken away from the attachment of the iris when the latter is sepa- 
sated from the cornea. On the other hand, it is necessary to examine fresh 
specimens, in the preparation of which it is best to insert a bristle in ScCHLEMM’s 
canal, at the same time carefully avoiding any traction on the iris or the 
choroid, for thereby the muscle mass which binds these parts together may be 
given any form at all. If the iris is lifted lightly and !aid back on the ciliary 
processes, the fine elastic threads which pass over from it to the anterior edge 
of the canal become visible. If the bristle is then pulled forwards, the elas- 
ticity of the anterior portion of the canal wall will be evident. If, however, 
the iris and the choroid are turned forward and the bristle pulled backward, 
the posterior portion of the wall is seen to be inelastic. 

The author regards the method of attachment described above as very 
important with respect to the backward movement of the lateral portions of 
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the iris in near vision. Thus, if the iris is relaxed, it will be held fast to the 
inner wall of ScuLEMm’s canal by the net-work of elastic fibres extending from 
b to the anterior edge of the canal. If, however, the circular and radial fibres 
of the iris contract simultaneously, the fibrous mass on the posterior border of 
the canal provides a sufficiently firm opposition; and hence we may say that 
the relaxed iris is attached to the anterior, the contracted iris to the posterior 
edge, of ScHLEMm’s canal, which on the average are 0.45 mm apart. In Fig. 63 
an attempt has been made to represent the different mode of attachment of 
the iris in far vision (side F) and in near vision (side V), ScHLEMm’s canal being 
designated by s on both sides of the diagram. 

The ciliary processes are another part of the eye, whose actions during 
accommodation must still be considered. L. Fick! has shown that they con- 
tract under the influence of an electric current and empty themselves of 
blood which can readily flow out through quite large vascular channels into 
the vasa vorticosa of the choroid. He assumes that, by this transfer of blood 
into those portions of the eye which lie behind the partition formed by the 
lens and the zonule, the hydrostatic pressure will be increased there and 
diminished in front. Consequently, the centre of the lens will be pushed 
forwards, producing an increase of curvature of its anterior surface. On the 
other hand, Fick asserts that as a1esult, the posterior surfacé will become 
flatter. This is not in accordance with the author’s observations. J. CzER- 
MAK? has also attempted to explain the mechanism of accommodation by 
supposing there was a swelling of the ciliary processes in addition to the con- 
traction of the iris and the ciliary muscle assumed by Cramer. This might 
exert pressure on the border of the lens. 

The opinion that the eye-muscles changed the form of the eyeball by their 
pressure on it, especially elongating it in the direction of the axis of the eye 
and thus separating the retina farther from the lens, had many notable 
adherents prior to the discovery of the change in form of the lens. The 
following facts militate against this view. Fu'st, any increase of the hydro- 
static pressure in the eye tends to flatten the cornea, as the author has found 
by measurements with the ophthalmometer. Were this the case, it might 
have been observed in the living eye. Second, the ophthalmoscope reveals 
how even a slight pressure with the finger on the eyeball causes the blood 
vessels of the retina to become smaller in diameter, only permitting an 
intermittent blood stream to pass through with each beat of the pulse, and 
finally collapsing entirely. As soon as this intermittent movement (visible 
pulsation of the arteries) begins,’ the sensitivity of the retina disappears, 
probably as a result of insufficient blood supply, and the field of vision becomes 
entirely dark. 

Finally, the experiments of Toomas Younc should be mentioned. These 
can hardly leave any doubt concerning the fact that not the slightest increase 
in length of the axis of the eye occurs in near vision. It is possible to touch the 
surface of the conjunctiva between the eye-lids with a smooth well-polished 
piece of metal without appreciable discomfort. A smooth iron ring (as of a 
key) is placed in the inner angle of the eye upon the conjunctiva and is pressed 
against the inner edge of the orbit. The eye is then turned inwards so that 
the subject looks at a distant object through the ring and over the 
bridge of the nose. As a result, the inner border of the cornea comes to lie 
close to the key, and the possibility of the forward movement of the eyeball 
in accommodation is thus prevented. Now the ring of a very small key is 


1J. Miiimrs Archiv. 1853." S. 449. 
2 Prager Vierteljahrsschr. XLIII. 8. 109. 
3 Donpmrs in Nederl. Lancet. 1854. Nov. 8S. 275. 
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inserted between the eyeball and the bone at the outer angle of the eye. Asa 
result of pressure from this key on the eyeball the retina is stimulated, and a 
dark impression, which looks at first perhaps like a bright spot, appears in the 
field of view and, as it were, in front of the bridge of the nose. In Younc’s 
own case it extended as far as the.place of clearest vision, so that he was able 
to note that straight lines contained within the boundaries of this pressure 
image appeared slightly bent. He judged that this was caused by the slight 
indentation of the sclerotica due to the pressure of the key. Inasmuch as the 
pressure image appeared at the place of clearest vision, the little key must 
have touched the posterior side of the eyeball in the region of the yellow 
spot. Under such circumstances, obviously, no axial elongation of the eye 
could occur without forcing the key from its position. If, therefore, accom- 
modation were accompanied by an axial elongation of the eye, either it could 
not have occurred at all, or the key would have had to be forcibly displaced, 
resulting in an extraordinary increase in the area of the retinal impression on 
account of the greater indentation of the posterior wall of the eyeball. But 
nothing like this happened. The eye can accommodate as well as ever, and 
the retinal impression remains entirely the same during altered accommoda- 
tion. 

Tuomas YounG must have had somewhat protuberant eyes, as may also 
be inferred from other experiments which he describes. When the above 
experiment was made by the writer, only one edge of the retinal impression 
extended as far as the place of clearest vision. However, there was no doubt 
as to the possibility of accommodation and the constancy of the retinal 
impression. 

A direct corollary from this experiment is that the distance of the inner 
contour of the cornea from the yellow spot or from a point on the posterior 
wall of the eye a little towards the outside from the yellow spot is absolutely 
fixed. But it would not be possible for the distance from the cornea to the 
yellow spot to change without marked asymmetry of the eye, unless the 
distance from the edge of the cornea changed likewise. 

ForsBeEs supposed that in accommodation for near vision the interior of 
the inner eye was under increased pressure, and that change of form of the 
lens was due to its different elasticity in different directions on account of the 
varied form and density of its layers. On the other hand, pk Hatpar could 
find no variation of the focal length of the optical system of the eye or of 
extirpated lenses when compressed in water.1 

There is no other subject in physiological optics about. which so many 
antagonistic opinions have been entertained as concerning the accommoda- 
tion of the eye. Once reason for this is that many of the decisive facts were not 
discovered until very recently, so that formerly there was much more room for 
hypotheses. In order to take a rapid survey of these views, instead of follow- 
ing the chronological order, as is done, however, in the bibliography at the 
end of this section, the various views will be grouped together here, chiefly 
to show their bearing on each other. 

1. Theories that deny not only the necessity but the existence of any change 
of the optical system of the eye. Many naturalists believed that the eyes of 
human beings and other animals, as distinguished from artifical lenses, were 
endowed with the faculty of focusing images of objects at different distances 
all at the same place or approximately so. MaGENnpDIE” maintained that he 
had verified this in the eyes of white rabbits in which pigment is absent from 


1 Comptes rendus. XX. p. 61, 458 and 1561. 
2 Précis élémentaire de Physiologie. I. p. 73. 
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the choroid so that the retinal image can be seen through the posterior part of 
the sclerotica. Asa matter of fact, however, the image cannot be seen through 
the sclerotica well enough defined to observe the slight differences that are 
involved in accommodation. Ruirrpr,! Haupat,? and Appa’ corroborated 
Macenpiz. Haupat and ENGEL‘ maintained that it is true for the crystalline 
lens alone. When the crystalline lens is separated from the humors of the eye 
and examined in the air, its focal length is extraordinarily short, and, by 
ordinary optical laws, the distance of an image in it is not markedly different 
whether the object is at infinity or just 7 inches away. This explains the 
results obtained by Encr.> 

On the contrary, Hurcx,® VoLKMANN,’ GerLinG,? Mayer’ and CrameEr,? 
by more accurate experiments, verified the fact that the eyes of human beings 
and other animals had different focuses for objects at different distances, 
although theoretically the matter was beyond doubt. TReviranus!? believed 
that he could give a theoretical explanation of the supposed fact that the 
position of the image is independent of the position of the object by assuming 
for this purpose a special law for the increase in thickness of the lens. His 
mathematical discussion was refuted by Konirauscu.!! 

Srurm” believed he could utilize the fact that the refracting surfaces of the 
eye are not strictly accurate surfaces of revolution, to explain accommodation 
for different distances. To begin with, he studied the behaviour of a homo- 
centric bundle of rays refracted at a curved surface which is not a surface of - 
revolution, and found that the rays, instead of being united in a single focal 
point, have two focal planes. In each of these planes the rays meet in a focal 
line, the directions of the two focal lines being perpendicular to each other. 
Thus, if the cross section of the bundle of rays in one focal plane is a short 
horizontal straight line, it will change through an ellipse with its major axis 
horizontal into a circle as we proceed towards the other focal plane and then 
through an ellipse with its major axis vertical into a vertical straight line 
when the second focal plane is reached. STurm’s idea was that between the 
two focal planes the cross section of the bundle of rays in the eye contracted 
enough to give clear images. If the luminous point is close to the eye, the 
two focal planes are at some distance beyond the lens, but as long as the 
retina lies between them, the images are perhaps distinct enough for vision. 

Aberrations of the kind that Srurm supposes actually do seem to occur in 
most human eyes, and the phenomena dependent on them will be described in 
§14; where, however, it will be shown that the interval between the two focal 
planes is by no means so important as Sturm thinks and that, instead of 
promoting the clearness of vision, this defect in the eye tends rather to 


impair it. 
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DE LA Hire! insists that there is only one distance of distinct vision, and 
that so long as an object is not too far from this place one way or the other, 
it can be seen well enough to be recognized; but there is no accommodation. 
HALLER? was of much the same opinion but supposed that the contraction of 
the pupil contributed also to diminish the blur circles of near objects. Quite 
recently the same opinion has been advocated by Brsio.? 

All these views which deny not only the necessity but even the existence 
of any internal change in the eye during accommodation may be most easily 
refuted by the simple fact that an object at a fixed distance from the eye can 
be seen distinctly or indistinctly at pleasure. Moreover, SCHEINER’s experi- 
ment which consists in viewing a fixed point through two holes in a card, 
which can be seen single or double, voluntarily, is another way of disproving 
them. Lastly, the observations with the ophthalmoscope as mentioned in 
§11 which enable the changes of the optical image on the retina to be seen 
objectively is an answer to such opinions. 

2. Opinions which consider the contraction of the pupil as sufficient to 
account for acommodation in near vision. ScHEtnNeR‘ discovered that the pupil 
is contracted in near vision. When the eye is accommodated for distant 
vision, the blur circles on the retina corresponding to luminous points that are 
near by can certainly be diminished by a contraction of the pupil. However, 
a very simple experiment suffices to show that the contraction of the pupil is 
not enough to enable the eye to accommodate for near objects. All that 
anybody need to do is to look through a narrow hole that is smaller than the 
pupil and that acts, so to speak, as an artificial, motionless pupil, in order to 
verify the fact that even such near objects appear indistinct in far vision, and 
far objects appear indistinct in near vision. Besides HALLER, who was men- 
tioned above, Leroy,’ Hatu,® and Morton’ were supporters of this view. 
Oxsers,? Duces,? Hurck and Donpgrs,’ adduced arguments in opposition 
thereto. J. Mrze!! proposed a curious theory of the result of the contraction 
of the pupil, but it is likewise disproved by the experiment mentioned above, 
and he himself afterwards abandoned it." He believed that in far vision the 
peripheral rays of the cone of light which would cross the optic axis in front 
of the retina were deflected from it by diffraction at the edge of the pupil and, 
consequently, did not cross the axis until later. Diffraction of light, however, 
is not at all a simple deflection of entire rays in this fashion. 

3. Opinions that involve a change of curvature of the cornea. The first 
person who supposed he had detected a change of curvature of the cornea 
appears to have been Lozn. Oxpers" does not venture to say definitely as a 
result of his observations that the convexity increases in near vision. Homs,' 
ENGELFIELD and RamspbEN, however, claimed to have definitely detected an 
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increase of the curvature. A subject who possessed a good power of accom- 
modation was attached to a firm board with a slot in it so that he could not 
move his head. A little way from the eye, a plate was fastened to the board 
in which there was a small opening serving as fixation point. On one side of 
the eye an adjustable microscope, with an ocular micrometer, was also placed 
on the board, in order to observe the farthermost curvature of the suriace of 
the cornea. In near vision the cornea was supposed to become more convex, 
so that its centre moved forward 1/800 of an English inch. Measurement of 
the reflex image in the cornea, carried out later by Homn, gave more doubtful 
results. Perhaps, in both instances he was deceived by very minute, uniform 
movements of the head of the subject. No such differences were found by 
Tuomas Younc! in the measurements he made of the reflex images in the 
cornea. Indeed, he completely refuted the hypothesis of alterations in the 
convexity of the cornea by demonstrating, as described above, that the pc wer 
of accommodation remained constant even when the eye is under water. 
Huercx? obtained similar results when he repeated Homr’s experiments, but 
he thought he had ascertained that respiratory movements produced regular 
to and fro movements of the head, due to inhaling usually in near vision and 
exhaling in far vision. When he held his breath, the movements of the middle 
of the cornea ceased entirely or became very irregular. These irregular move- 
ments were apparently produced by contractions of the musculus orbicularis 
oculi, as with every contact with the eyelashes the eyeball was drawn back a 
little. Burow® repeated Homn’s work very painstakingly, but failed to 
detect any regular movements of the corneal surface. VALENTIN,‘ obtained 
the same results. Smnrr> measured the reflex images with a telescope so that 
his results were not affected by small displacements of the eye; and found 
that the radius of curvature of the cornea did not change as much as 0.01 
Paris line,® in a range of accommodation of from 4 to 222 inches. CRAMER? 
also obtained negative results from a measurement of the reflex image in the 
cornea made with the help of his ophthalmoscope. Such measurements may 
be very easily and accurately made with the ophthalmometer,® and invariably 
these results as obtained by the author were negative also. 

Recent support of the hypothesis that accommodation is effected by a 
change of curvature of the cornea is to be found in the works of Friss,° 
VALLEE” and PappEnuEm.!! The latter assumes that the contraction of the 
iris causes the cornea to become more convex in near vision. 

4. The supposition that accommodation is produced by a shifting of the 
position of the lens. This assumption is the oldest, having been proposed by 
Kerrier,” whose theory of vision was the first also to recognize the necessity 
of accommodation. This hypothesis always hashad many adherents among 
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whom were ScHEINER,! Puemprus,? Sturm,’ Conranpr,’ PorTerFreLp,® 
PLATTNER,’ JacoBson,’ Brewster? J. Mi.ier,? Moser, Burow,!! 
Ruete,” WiiiiaAM Cray WaLiaAce,” and C. Wrexser.'* Most of them con- 
sidered it probable that voluntary contractions of the ciliary body are able 
to move the lens to and fro. In order to get around the mathematical diffi- 
culty of requiring the lens to execute.an impossible displacement in the act of 
accommodation, they had to resort to the assumption that the focal length of 
the cornea is greater and that of the lens less than is actually the case. This 
hypothesis found support in recent times especially by observations of the 
living eye which. demonstrate that the pupil approaches the cornea in near 
vision. Bipioo" had already observed the increased convexity of the iris in 
near vision in birds. This was afterwards confirmed for the human eye by 
Huecx, Burow"” and Rurnrr. C. Wresrr showed by a mechanical con- 
trivance that in the case of dogs the anterior surface of the lens moves for- 
ward as soon as the anterior portion of the eye is stimulated by an electric 
current. For this purpose he made a round hole in the centre of the cornea of 
the eye of a living, opium-narcotized dog; and inserted a little rod in it, until 
it came in contact with the anterior surface of the lens. The other end of the 
rod was supported by the shorter arm of a sensitive lever which magnified the 
forward movement of the anterior surface of the lens. 

On the other hand, HANNovER'® assumed the possibility of a forward and 
backward movement of the lens within its capsule, during which process the 
so-called Liquor Moreaenit would exchange places with it. That there is no 
such fluid in the normal capsule of the Jens, has already been stated. 

5. Hypothesis of change of form of the lens. This theory, which has 
triumphed at length was likewise proposed a long time ago and had many 
defenders even before the actual existence 0 such changes was known to be a 
fact.!9 Dxrscarrrs” originated this explanation of acommodation; and others 


Oculus. Oceniponti 1619. Lib. III. p. 163. 

2 Ophthalmographia. Lovanii 1648. B. III. 

3 Dissertatio visionem ex obscurae camerae tenebris illustrans. Altdorfii 1693. p. 172. 

4 Frorieps Notizen. Bd. 45. 

5 On the eye. Edinburgh 1759. Vol. I. p. 450. 

8 De motu ligamenti ciliaris. Lipsiae 1738. p. 5. 

7 Suppl. ad. Ophthalm. Copenh. 1821. 

8 Hdinb. Journal of Science. I. 77. — Poacenvorrrs Ann. II. 271. 

9 Zur vergleichenden Physiologie des Gesichtsinns. Leipzig 1826. ‘8. 212. 

10 Repertor. d. Physik. Berlin 1844. Bd. V. 8. 264. 

1 Beitrdge zur Physiol. u. Physik des menschl. Auges. Berlin 1842. 

12 Lehrbuch der Ophthalmologie. 

13 The accommodation of the eye to distances. New York 1850. 

4 Disquisitiones quae ad facultatem oculum accommodandi spectant. Marburgi 1850. 
p. 31. 

18 Observ. de oculis et visu variorum animalium. Lugd. Bat. 1715. 

16 Bewegung der Kristallinse. S. 60. 

17 Beitrdge zur Physiol. usw. 8. 136. 

18 Bidrag til @jets Anatomie. Kjébenhavn 1850. p. 111. 

19 (ScHEINHR suspected that, along with some slight elongation of the eyeball, there 
might also be a concomitant change in the form of the crystalline lens in accommodation. 
HvyceEn’s views on the subject seem never to have been definitely settled in his own mind, 
and at one time he inclined to think that the act of accommodation was effected by a change 
of curvature of the lens, but subsequently, in 1670, he returned again to the explanation 
of a forward movement of the lens as the sole responsible agency for producing this effect. 
(SIP Ga:) 

20 Cartesius, Dioptrice. Lugd. Bat. 1637. 
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who embraced it were PemBerton,! Camprr,? Huntsr,? Youne,* Pur- 
KINJE,® Graere,® Tx. Smit,’ Hueck,’ SteLLwac Von Carion® and Forses.” 
Some earlier anatomists, for example, LpzeuwWENHOEK and PEMBERTON, called 
the lens, perhaps for this reason, the musculus erystallinus, supposing that its 
fibres were contractile. Youn inclined to this view on the basis of experi- 
ments which, while they seemed to him to be completely convincing, did not 
succeed on every eye. If the blurred image of a luminous point is examined 
through a fine grill of parallel wires, it is seen to be crossed by dark straight 
lines which are shadows of the wires. When YounG’s own eye was acommo- 
dated for distant vision, these lines appeared to be perfectly straight; but 
when he looked at near objects, the lines at the sides of the blur circle were 
convex outwards. The phenomenon was not changed by putting the eye 
under water so as to eliminate the influence of the cornea. The only explana- 
tion of the curvature of the previously straight shadows was the change of 
curvature of the surfaces of the lens. The pupil should be dilated in order 
to perform this experiment. WoLLasTon could not observe the effect 
(nor could the author), but Kornic, another friend of Youne’s, verified it. 
Corroboratively, Youne found, by looking through four parallel narrow 
vertical slits on his optometer, that the four images of the white horizontal 
line intersected at one point when the eye was accommodated for far vision, 
but did not do so when it was adjusted for near vision. 

The variation of the reflex images in the lens during accommodation were 
noted first by Max LANGENBECK,!! who drew the correct inference that the 
anterior surface of the lens is, therefore, more convex in near vision. His 
method of observation, however, was not favourable, because he had the 
subject look directly at the flame, and this meant that the observer had to 
see the three reflex images very close together, so that the exceptionally 
bright corneal image makes it hard to see the other two. Perhaps, this is 
the reason why LANGENBECK’s observation did not attract the notice of 
physiologists. Cramerr observed the same thing; but he improved the method 
of observation especially by having the rays of light fall on the eye from one 
side while the observer looks into it from the other. He also described an 
instrument which he called an ophthalmoscope, designed to make the obser- 
vations more easily and more accurately. This instrument was essentially a 
stand to which was attached a microscope with a magnifying power of from 
10 to 20, a lamp, cross hairs serving as a fixation mark, and a hollow conical 
tube conveniently shaped for the adjustment of the patient’s eye. The lamp 
is regulated to enable the observer to watch the reflex image in the anterior 
surface of the lens in between the other two reflex images when he looks 
through the microscope at the pupil of the patient’s eye. However, the 
essential thing here, which is the reduction of the size of the reflex image in the 
anterior surface of the lens, is not so convenient for observation in this way as 
the method with the naked eye as described above, in which the object con- 


1 Dissert. de facultate oculi, qua ad diversas distantias se accommodat. Lugd. Bat. 1719. 

? Dissert. physiol. de quibusdam oculi partibus. Lugd. Bat. 1746. p. 23. 

3 Philosoph. Transact. 1794. p. 21. 
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5 Beobachtungen u. Versuche zur Physiol. d. Sinne. Berlin 1825. 

® Reis Archiv fiir Physiologie. Bd. IX. S. 231. 

7 Philosophical Magazine. 1833..T. V. 3. No. 13.—Scumiwpts Jahrbticher. 1834. 
Bd. I. 8.6. 

8 Bewegung der Kristallinse. Leipzig 1841. 

° Zeitschrift der k. k. Gesellschaft der Arzte zu Wien. 1850. Heft 3 and 4. 

™ Comptes rendus. XX. p. 61. 

1 Klinische Beitrdge. Gottingen 1849. 
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sists of two separated luminous points. The mere shifting of the reflex in the 
anterior surface of the lens, which can be easily and accurately seen in 
Cramer’s instrument, is not conclusive by itself on account of the asymmetry 
of the eye, (of which Cramer was not then aware), unless a preliminary 
set of experiments that are easily carried out has shown that this reflex image 
invariably moves towards the centre of the pupil from any other position. 

Without knowledge of the work of either of the last two investigators, and 
at a time when Cramer’s discovery had been published merely in brief 
notices! by himself and Donpgrs, and even before the appearance of Don- 
DERS’ great book which was crowned by the Dutch Institute of Sciences, the 
author had discovered the same facts? for himself, and had discovered, besides, 
aN ale of the posterior surface of the lens in accommodation,’ as above 
related. 

Numerous instances in which the eye appeared to accommodate after the 
removal of the lens in the operation for cataract, were cited to prove that the 
power of accommodation was not dependent on displacements and changes of 
form of the lens. However, it should be borne in mind here that patients 
even with poor accommodation may recognize objects whose images are 
blurred. The mere fact that a person who can read print with cataract 
glasses can with the same glasses distinguish people at a distance, window- 
frames, etc., is no reason at all for supposing that he has the power of accom- 
modation. Anybody can easily verify for himself the fact that when his eye 
is focused on his finger about a foot away, he can still perceive various details 
of distant objects. In order to establish the existence of acommodation, the 
patient must be able with the same glasses to see a given object either dis- 
tinctly or indistinctly, as he chooses, depending on whether he tries to focus for 
one distance or another. Szoxatsxy believes that he has actually observed 
such a case. This particular eye, however, could see objects distinctly at a 
distance of 17 inches without cataract glasses which is impossible without some 
substitute for the lens. Donpgrs has suggested the use of entoptical phenom- 
ena to determine during life whether the lens has been renewed in eyes which 
have been operated on for cataract. 

6. The supposition that the form of the eyeball changes. If the retina 
could be removed farther from the optical system of the eye, that is, 
if the eyeball could be elongated, this would afford the eye a means of 
accommodation for near vision. The supporters of this opinion usually 
have assumed that the form of the eyeball could be changed by pres- 
sure exerted on it by the eye muscles, either by the recti alone, or by 
the obliques alone, or by all acting together, or by the added action of 
the orbicularis oculi. Among these were Sturm,’ LE Moinz,® Burron,’ Borr- 
HAVE,’ Moutnerti,? OuBers,? Hansever,’? Wattuer,!! Monro,” Hmty,* 


1 Tijdschrift der Maatschappij vor Geneeskunde. 1851. W. 11. bl. 115 and Nederlandsch 
Lancet. 2.Serie. W.1 bil. 529. 1851-52. 

2 Monatsberichte der Berliner Akad. 1853. Feb. S. 137. 

3GRAEFES Archiv fiir Ophthalmologie. Bd. I. Abt. II. 8. 1-74. 

4 Dissert. de presbyopia et myopia. Altdorfii 1697. 

5 Quaestio an obliqui musculi retinam a crystallino removeant. Parisiis 1743. 

6 Histoire naturelle. Paris 1749. T. III. p. 331. 

7 Praelectiones academ. Taurini 1755. Vol. III. p. 121. 

8 Hatuer, Elementa Physiologiae. 1763. T. V. p. 511. 

9 Dissert. de oculi mutat. int. Gottingae 1780. §43. 

10 Betrachtungen tiber das menschliche Auge. 

1 Dissert. de lente crystallina. § 1. 

2 Altenburger Annalen f. d. J. 1801. S. 97. 

13 Ophthalmologische Beobachtungen und Untersuchungen. Bremen 1801. 
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MeEcKEL,! Parrot,? Popps,? SCHROEDER VAN DER KoLk,‘ ARNOLD,’ SERRE,° 
Bonnet,’ Henue,* SzoKatsky? and Listine.!? CiAveL" assumed that the 
eye muscles might not only change the form of the eyeball but also might cause 
the cornea to become more convex and the lens to be moved forward. The 
reasons why such a change of the form of the eyeball appears to be improbable 
have been already stated above. 

The various views here considered are the more important of those that 
have been advanced concerning this intricate subject. Many other modes of 
explanation have been suggested also, which rightly found less favour. Here 
v. Grimm” may be mentioned who assumed that the indices of refraction of 
the ocular media might vary, and WELLER who proposed to explain accom- 
modation not by a change in the eye itself but by a psychic process. 
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Supplement 


An experiment by Baur should be mentioned here with respect to 
the phenomena connected with the mechanism of accommodation. 
Accommodated for near vision, he looked at a brightly illuminated 
rectangle, until a strong after-image had been formed in his eye. He 
then projected it on a distant surface, changing his accommodation 
accordingly, and estimated its apparent size thereon. Inasmuch as 
the size of the image on the retina is proportional to the distance of 
the retina from the posterior nodal point of the eye, and since the size 
of the retinal image is the same in both cases, it is possible to calculate 
from such an experiment how much the distance of the retina from the 
second nodal point has changed. By his experiments Baur found a 
forward displacement of the nodal point amounting to 0.35 mm; 
whereas, according to the author’s calculation as given on page 152, 
this displacement was 0.4mm. If, instead, there had been an elonga- 
tion of the eyeball, the change of distance would have had to be much 
more considerable; and if such an elongation were the sole basis of 
accommodation, it would have to amount to 3 mm, which is impossible, 
as Baur’s experiments also show. 

Kwnapr! determined for the eyes of four individuals the positions of 
the far point and near point and the curvature and position of the 
cornea and of the surfaces of the lens in accommodation for both far 
and near vision. According to these data, the accommodation as 
computed from the changes of curvature of the crystalline lens agrees 
close enough with the amplitude of accommodation that was actually 
found; so that any assumption of an elongation of the eye was thus 
ruled out. 

In two cases very favourable for examination in which the lens had 
been removed in a cataract operation, DoNDERS’ was convinced that 
there is no evidence of accommodation in such eyes, though they could 
see distinctly with the aid of a convex lens placed before them. Never- 
theless, in the attempt to see objects near at hand, convergence and 
contraction of the pupil occurred. If it were possible to elongate the 
eyeball by means of the pressure of the eye muscles, this would be 
able to produce a certain amplitude of accommodation even in eyes 
without the crystalline lens. As a result of all these facts it can no 
longer be doubted that an elongation of the eyeball does not occur in 
accommodation for near vision. 

A much better method than any of those described above for 
measuring the curvatures of the crystalline lens is to use the ophthal- 


1 Archiv fiir Ophthalmol. IV, 2, p. 1-52. 
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mometer in a dark room and to obtain the reflex images by a beam of 
sunlight; as was done by B. Rosow. 

Concerning the muscles that produce the change of form of the 
lens, it may be observed in the first place that cases have been noticed 
in which, although the iris ceased to function, entirely satisfactory 
accommodation occurred. The author himself knew an astronomer, 
with whom naturally it was easy to perform optical experiments and 
who was well acquainted with the phenomena concerned in them; and 
although his iris was completely paralyzed, notwithstanding he was 
able to accommodate perfectly well. Moreover, A. v. GRAEFE! found 
that the power of accommodation was entirely normal in the case of a 
workman after recovery from an injury of his eye which had resulted in 
the complete separation of the iris. 

There is nothing left except the ciliary muscle to which accommoda- 
tion can be attributed. In this structure a circular layer of fibres has 
recently been discovered first by vAN REEKEN, and more definitely by 
H. MveEtuer and Rovcsrr. These are situated in the angle turned 
towards the ciliary processes; moreover, they are interwoven with 
meridional fibres, and in many instances the circular fibres bend so as 
to continue as meridional fibres. From this anatomical arrangement 
of the circular fibres it may be inferred in the first place that these 
elements of the ciliary muscle cannot act except in conjunction with 
the meridional fibres. Indeed, such an arrangement of muscle fibres 
is evidently a very favourable one for action on the zonule; for if there 
were nothing but radial fibres in the muscle, as represented in the old 
descriptions, the inner corner of the muscle would have been forced in, 
and the zonule would have been bent convex towards ScHLEMM’s 
canal (Fig. 63s). The result would be that the zonule would be much 
less relaxed than in the existing arrangement where any such bending is 
avoided. The circular fibres of the muscle must pull the corresponding 
edge of the muscle towards the tip of the ciliary processes and towards 
the edge of the lens. The effect of this action is to shift the centre of 
the zonule towards the margin of the lens in the direction of the edges 
of its folds, without pulling it outwards towards ScHLEMmM’s canal. 

Whether the circular fibres of the ciliary muscle exert a pressure on 
the ciliary processes, as H. MUELLER supposes, which is transmitted to 
the edge of the lens, is hard to determine, because we do not know 
whether the ciliary processes are filled with blood in the living eye so 
as to be stout enough to exert an appreciable pressure on the lens. 
Many ophthalmologists consider it very doubtful whether they even 
touch the lens. 


1 Archiv fiir Ophthalmologie. VII, 2, p. 150-161. 
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W. HENKE has conjectured that it is only the circular fibres of the 
ciliary muscle that produce accommodation for near vision, and that 
it is the contraction of the meridional fibres that restore the accom- 
modation for far vision. Thus he regards the two points of attachment 
of the meridional fibres of the muscle as fixed, and supposes that it 
would be curved inwards by the action of the circular fibres, and be 
stretched straight again, when accommodation relaxes, by active 
tension, the circular fibres being released. This mode of action seems 
to the author highly improbable, first, because there are many indica- 
tions to show that there is no active accommodation for far vision, and 
also because the fibre layers of the ciliary muscle are too much inter- 
woven, meridional fibres being confounded with circular fibres and vice 
versa; so that separate action of the individual fibres is scarcely to be 
thought of. The example of the iris which HENKE adduces against 
this argument is of very doubtful value in the light of recent investi- 
gations of the musculus dilatator iridis. Besides, in the opinion of the 
writer, the ligamentum pectinatum as an anterior point of attachment 
and the choroid as a posterior point of attachment for the muscle are 
much too elastic to permit a considerable action of the muscle, such 
as HENKE supposes, in a direction that is so disadvantageous. Finally, 
according to HENKEr’s description, the external surface of the muscle 
would have to stand out from the sclerotica in accommodation for near 
vision and catch hold again in far vision. But it is not very clear 
where a fluid can come from that could fill the empty space of this 
cleft, and unless there were something of the kind, the air pressure 
would prevent the muscle from yielding. 

In conclusion, the author sees no reason to modify the theory of the 
mechanism of accommodation as given above on page 151 which still 
seems to him to give the most probable explanation. Recent experi- 
ments reported by C. VéuckEeRs and V. HENSEN tend to confirm this 
opinion. 

1855. Rvuete, De Irideremia congenita. Progr. acad. Leipzig. Vircuows Archiv. XII, 342. 
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§13. Chromatic Aberration in the Eye 


It is only approximately correct to suppose that rays of light 
issuing from a luminous point and entering the eye are reunited in a 
single focus after traversing the ocular media. We must now examine 
this affair more closely, with particular reference in this section to the 
so-called chromatic aberration; due to the fact that the different wave- 
lengths of light are unequally refrangible in solid and liquid transparent 
media. Since the magnitudes of the focal lengths of a curved refracting 
surface depend on the indices of refraction of the media, it follows that 
rays of light of different colours, after traversing an optical system of 
such surfaces, will generally be focused at different points. It is only 
by means of special combinations of refracting surfaces that the foci for 
light of different colours can be made to coincide, in which case the 
optical contrivance may be said to be achromatic in a certain sense. 

Now the eye is not achromatic, although in ordinary vision the 
colour dispersion is scarcely noticeable at all. FRAUNHOFER demon- 
strated that the optical system of the eye really has different focal 
lengths for light of different colours in the following way. Observing 
a prismatic spectrum through an achromatic telescope which had a 
fine set of cross hairs in the eyepiece, in order to get sharp definition, he 
found that he had to focus the ocular lens nearer the cross hairs for the 
violet part of the spectrum than for the red. With the other eye 
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focused on an external object, he viewed the cross hairs in the telescope 
illuminated by light from one part of the spectrum, and by adjusting 
the ocular contrived to see both them and the external object distinctly 
at the same time. Then he measured how much the ocular had to be 
displaced to get the same adjustment in another part of the spectrum. 
Thus, having previously measured the chromatic aberration of the 
ocular itself, he was able to calculate the chromatic aberration of the 
eye with respect to a pair of colours corresponding to two different 
places in the spectrum. By these experiments FRAUNHOFER found 
that an eye which is emmetropic for light corresponding to the C line 
(in the bright red part) of the solar spectrum had to be from 18 to 24 
Paris inches! nearer the object, in order still to see it distinctly when 
the object emitted light corresponding to the G line (in the violet part) 
of the solar spectrum, without changing its accommodation. 

The author has obtained similar results with his own eyes. Mono- 
chromatic light from different parts of a prismatic spectrum was 
admitted through a fine hole in an opaque screen, and the maximum 
distance was found for which the small illuminated opening could be 
seen as a well defined point. The far point of the author’s eye was 
about 8.5 ft for red light and 1.6 ft for violet light; whereas it was only 
a few inches away for the extreme violet light at the end of the solar 
spectrum that cannot be seen at all unless the brighter parts of the 
spectrum are shaded. 

In an ordinary rectangular spectrum projected by a prism on a 
white wall some distance away, the differences of the distances of 
distinct vision for different colours are strikingly manifest; because, 
while the red end may appear fairly well in its proper form, the violet 
end is more or less blurred (and in the author’s own case has a sort of 
swallow-tail shape). 

The rather slight chromatic aberration of the human eye as 
compared with artificial optical instruments is explained by the fact 
that water and aqueous solutions generally have much less dispersion 
than glass. Since the indices of refraction of the ocular media are not 
very different from that of water, it is reasonable to expect that the 
aqueous and vitreous humors, at least, would have about the same 
dispersion as that of water. Accordingly, the writer has calculated the 
dispersion of Listrne’s reduced eye, which has a single refracting 
surface, on the assumption that the light is refracted from air to water. 
For the rays used by FRAUNHOFER in his experiments, the indices of 
refraction of water are as follows: 

For C line (red) ~—-1.331705; 
For G line (violet) 1.341285. 
141 Paris inch=12 Paris lines=27.07 mm. (J. P. C. 8.) 
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The radius of the refracting surface of the reduced eye is 5.1248 mm; 
and hence the second focal lengths will be found to be 20.574 mm 
(for red light) and 20.140 mm (for violet light.) Thus, when the eye 
is accommodated for parallel red rays, so that the focal point for red 
light is on the retina, the focal point of the violet rays will be 0.434 mm 
in front of it; which implies that this is accommodated to see distinctly 
a source of violet light for a distance of 713 mm away (or about 28 
inches). FRAUNHOFER (as stated above) found this distance in his 
own case to be between 487 and 650 mm; which indicated that the 
dispersion in an eye made of distilled water would be rather less than it 
is in the actual human eye. But if it is supposed that the reduced 
eye is accommodated for a distance of 8.5 ft (2.6 m) in the red, cor- 
responding to the author’s experiment with his own eye, the retina 
would still have to be 0.123 mm beyond the focal point of red ight; and 
at the same time the eye is accommodated for a violet source of light 22 
inches away or 560 mm; whereas in the writer’s case this latter distance 
was 19 inches. MarrutessEn’ also calculated from his experiments the 
interval between the focal points of the human eye for red and violet 
light and obtained from 0.58 to 0.62 mm; which can be compared with 
the value 0.434 mm for an eye made of distilled water. Marruressen’s 
method consisted in measuring the shortest distance at which a ruled 
glass surface could be seen distinctly when it was illuminated, first, by 
red light and then by violet light. All these experiments by different 
methods agree in showing that, so far as chromatic aberration is 
concerned, the human eye corresponds very closely to an eye of distilled 
water; the dispersion of the natural eye being if anything a little 
higher. Perhaps, we might conjecture that, just as the refractivity 
of the crystalline lens is greater than that of pure water, so also its 
dispersion is higher. 

Certain other experiments in which the colour dispersion of the 
eye is noticeable may also be described here. Phenomena of this kind 
are generally much more striking when instead of using white light, a 
mixture of only two colours is employed that are as different as 
possible in refrangibility. The best way to obtain this effect is to 
transmit sunlight through ordinary violet coloured glass, which will 
absorb the intermediate colours almost entirely and transmit only the 
extreme red and violet. But if lamplight is used, which is deficient in 
blue and violet, ordinary blue (cobalt) glass is better, as it filters out 
also much of the orange, yellow and green and transmits abundantly 
the extreme red, and blue and violet. A coloured glass of this kind is 
placed right behind a narrow aperture in a dark screen and illuminated 


1 Comptes rendus. T. XXIV. p. 875. 
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from behind by a lamp whose rays after traversing the glass 
and the hole in the screen enter the observer’s eye. Under these 
circumstances the aperture may be regarded as a luminous point 
emitting red and violet rays; which will appear differently, depending 
on the distance for which the observer’s eye is accommodated. When 
it is accommodated for the red rays, the violet light produces a blur 
circle, and the opening appears as a red point with a violet fringe 
around it; and wice versa. There is an intermediate state of accommoda- 
tion for which the focus of the violet rays is in front of the retina, and 
that of the red rays beyond it, in such fashion that the coloured blur 
circles on the retina are equal in size; and only when this is the case 
will the source appear to be of the same uniform colour. For this state 
of accommodation, there might be some light of intermediate colour, 
say, green, which would be focused at a point on the retina. 

Incidentally, this method affords a means of finding with consider- 
able degree of accuracy the distances for which the eye can be accom- 
modated for the intermediate parts of the spectrum; for they are the 
same as the distances for which the eye can see the mixed red-violet 
spot as being of uniform colour. The difference of colour at the edges 
is very easily detected, even by an unpractised observer; and it is 
much easier to distinguish than the inexactness of a white image. 
When the eye is accommodated for light of a certain definite frequency 
for a distance farther than that of the luminous point, the blur circle 
of the red rays on the retina will be larger than that of the violet, and 
the spot will appear as a violet disc with a red border; whereas the 
reverse effect will be observed when the eye is accommodated for a 
distance less than that of the luminous point. Effects similar to these 
always occur whenever an object emits two kinds of light of very 
different frequencies. The phenomena are very striking, for example, 
in certain experiments on the mixing of spectrum colours which will be 
subsequently described in the theory of colour mixtures. 

With white light there is, of course, also some separation of the 
component colours, but ordinarily it is hardly noticeable. In this 
connection, experience shows that a white surface which is farther away 
than the point of accommodation of the eye, is tinged with a faint blue 
border; whereas if the object is nearer than the point of accommoda- 
tion, the border will be a faint reddish yellow. But when the eye is 
accommodated for the-exact distance of the white surface, no such 
coloured border is seen, unless some opaque obstacle is held close to 
the eye so as to cover part of the pupil; in which case a coloured border 
appears along the opaque edge. The border between a white and black 
field appears yellow when a card is interposed halfway in front of the 
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pupil from the side of the black portion, and blue when it is inter- 
posed from the side of the white portion. 

The phenomena of chromatic aberration in the human eye as 
above described are easily explained by-the fact that the second focal 
point for violet light lies in front of that for red. In Fig. 68 the lumin- 
ous point is supposed to be at A; the first principal plane of the.eye is 
represented by the 
straight line 6162; the 
points on the optical 
axis designated by r 
ih and v are the points 

conjugate to A with 
: respect to the red 
and violet rays, respectively; the straight line cc represents the plane 
where the outside red rays of the cone b,bsr intersect the outside 
violet rays of the cone b,b.v. Obviously, if the retina of the eye is 
in front of the plane cc, that is, when the eye is accommodated for 
an object farther away than A, it will be illuminated at the boundary 
of the cone by red light only, whereas near the axis there will be a 
mixture of colours. When the retina coincides with cc, so that the 
eye is accommodated for light of intermediate frequency coming from 
A, it will be illuminated all over by a uniform mixture of colours. 
And when the retina is beyond cc, as will be the case when the accom- 
modation is for a point nearer than A, the edge of the illuminated 
area will be violet while the central part will be a mixture of colours. 
Now suppose that when the-eye is accommodated for A, so that the 
retina is at cc, the lower half of the aperture 6,b. is covered by an 
opaque screen; thereby cutting off all the violet rays beyond b.v and 
fv, all the red rays between bor and fr, and, of course, also, the pro- 
longations of these rays. All the violet illumination disappears then 
from the part of the retina above the axis, and all the red from the part 
below the axis, the result being a small blur circle on the retina which 
is red above and violet below, instead of a clear-cut image of the 
point A. 

If the source at A, instead of being a single luminous point, is a 
surface uniformly illuminated with both red and violet light, there will 
be formed on the retina simultaneously both a red and a violet image 
of this surface, one of which is necessarily blurred. But the blurred 
image of a uniform surface looks exactly the same as if it were in 
focus, except towards the edge where the blur circles of the separate 
points only partially overlap one another, and here the image fades out, 
encroaching on the surrounding darkness only so far as the blur 
circles of the border points extend. Now if red and violet images of a 
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Fig. 68. 
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luminous area are projected together on the same surface, the central 
portion of the resultant image where both colours are supposed to have 
normal brightness will appear as a blended mixture of the two; whereas 
the border will have that one of the two colours for which the blur 
circles are larger and for which, therefore, the border of the image 
encroaches farther on the surrounding parts. If the image of the 
surface is intercepted in the plane cc where the red and violet blur 
circles are of the same size, the colours will be uniformly mixed right 
to the edge. But when the edge of a card is gradually inserted in 
front of the pupil, the blurred images are partially eclipsed, as we saw 
in § 11; and these eclipses proceed from opposite sides when one of the 
blurred images is due to too near accommodation and the other to too 
far accommodation, as is the case here with the red and violet images. 
Hence, the congruence of the coloured images ceases, and coloured 
edges are visible. For red light the surface behaves like an object 
that is too near the eye, and hence the image in this case disappears 
from the side opposite to that on which the card is inserted in front of 
the pupil. With violet light it is just the other way. Hence, if the 
card is introduced, say, from below, the red surface vanishes from 
above and the violet from below with a red margin below and a violet 
margin above. When a small red-violet line is inspected through a 
narrow slit, the red image can be easily separated entirely from the 
violet image by moving the slit to and fro in front of the pupil. 

When the light emitted by a luminous point is composed not 
simply of red and violet but of white light of all colours, the inter- 
mediate colours are distributed in their natural order between red and 
violet, and the effects of the chromatic aberration are not so striking as 
with two colours alone. Instead of a purple field with a violet border, 
we now have a white field bordered by pale blue, indigo and violet; 
and the inner part of this border is so nearly white that the border 
usually appears narrower. And instead of a purple field with a red 
border, there appears, likewise a white field faintly tinged at the 
boundary with yellow, orange and red, the pale yellow being hardly 
discernible against the white background. 

The special case when the retina is at the place cc (Fig. 68) where 
the diameter of the bundle of rays is smallest needs to be considered. 
Here the blur circles of the red and violet rays are the same size. 
The green rays corresponding to the middle of the spectrum are united 
at the point where the axis meets the retina; and the rays of the rest of 
the colours form small blur circles. The resultant image on the retina 
ought therefore to be greenish at the centre, with a border of mixed 
red and violet, that is, purple; but it is not that way at all in the eye. 
For this particular position of the retina the light corresponding to the 
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brightest colours, yellow and green, is concentrated almost exactly at 
a point, and the purple border is both too narrow and too faint to be 
perceived. 

All the phenomena above described may be perceived just as in the 
eye, only exaggerated, in a non-achromatized telescope, provided a 
higher magnifying power is used than the instrument is intended to 
have. The real image made by the objective is not caught on a screen, 
as on the retina of the eye, but is viewed through a magnifying eyepiece. 
The image in the objective must be magnified, otherwise the coloured 
border is generally too small to be seen distinctly. In this case, also, 
when the telescope is focused on a more distant object, a white area 
will appear to have a red and yellow border; whereas when the telescope 
is focused on a nearer object, the same area will appear to have a blue 
border. When the telescope is focused so as to give the sharpest image 
of the white area, a very narrow purple border is seen. If one nalf of 
the object glass is screened, the opposite side of the white area has a 
blue and yellow border, etc., in perfect analogy to the case of the eye. 

In order to calculate the size of the blur circle due to chromatic 
aberration in the eye, Listina’s reduced eye with water for the re- 
fracting medium may be used for this purpose, since, according to 
FRAUNHOFER’S measurements, the dispersion of such an eye would 
not be very different from that of the human eye. From Fig. 68 we 
have: 

vy _6r_ dv 
bibs fr fo’ 
and therefore ; 

vv -fr=bibs- br, 

vv -fv=bibe- dv. 
vl fr +fo] = bibs - [5r +60] 

= bibal fr —fo] 


By addition, 


Taking 4 mm, the mean pupillary diameter in normal eyes, as the 
length of bib2, and substituting the following values as previously 
obtained: 


fr = 20.574 mm, 


fu=20.140 mm; 
consequently, vy = 0.0426 mm. 


According to the table given in § 11 for the dimensions of blur 
circles of objects for which the eye is not accommodated, the diameter 
yy of the blur circle caused by dispersion should be equal to that 
given by a luminous point 1.5 metres away (or about 5 ft) in an eye 
accommodated for infinity. This degree of lack of accommodation 
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would result in a very appreciable confusion of the details in the image 
of an object, as may be easily verified by trying the experiment. In 
order to understand why the dispersion of white light in the eye 
which results in blur circles on the retina of these dimensions does not 
actually confuse vision to any sensible extent, not only the size of the 
blur circle but the distribution of the light in it has to be taken into 
account. 

When the eye gets light of a definite frequency emitted from a 
point-source, the retina being to one side or the other of the focus of the 
bundle of refracted rays, the blur circle on the retina is equally illumin- 
ated all over. But if the luminous point emits white light of all sorts 
of frequencies, and the retina of the eye is in focus for the brightest 
part of the spectrum corresponding to greenish yellow light, there will 
be blur circles for the light of other colours, and their diameters will 
be greater in proportion as these colours are farther from the middle of 
the spectrum. Thus, whereas the centre of the affected area of 
the retina is uniformly illuminated by light of all kinds, especially by 
the most brilliant and most concentrated kind, the outlying portions 
get light only from the extreme parts of the spectrum, which not only 
have less intrinsic brilliancy, but are still further enfeebled in their 
effects by being spread over a larger area. Theoretically, the image is 
infinitely brighter at the centre than anywhere else. 

As the law of the luminosity of the different parts of the spectrum 
has not yet been mathematically formulated, the calculation will be 
made on the assumption that all the colours of the spectrum are equally 
bright. Of course, this means that the values found for the illumination 
at the borders of the blur circles will be too large; but even so, the cal- 
culation will show why the blur circles due to chromatic aberration 
produce far less confusion than those of equal size due to imperfect 
accommodation. 

Theoretical Distribution of Intensity 3% 
in a Blur Circle due to Chromatic Aberra- ase 
tion of Light proceeding from a Point- ie 
Source. - pariliy = 

In Fig. 69 the straight line 6b << 
represents the principal plane of the 
reduced eye of radius R; and we may 
suppose that the diaphragm which Fig. 69. 
limits the bundle of rays lies in this 
plane, as is approximately the case in the natural eye, so that 6b is a 
diameter of the stop, whose radius will be denoted by 6. The incident 
rays are supposed to be parallel; and the focal points of the extreme 
violet and extreme red rays are designated by v and w, respectively. 


180 Dioptrics of the Eye (153, 154. 


These extreme rays intersect each other at the two points designated 
by g, so that the straight line gg is the diameter of the entire blur circle, 
whose centre is at the point designated by h. To get the best image, 
the retina should be in the plane gg. Let the index of refraction 
corresponding to light from the middle part of the spectrum, that is 
focused at h, be denoted by N and put ah=F. Then by equation 
(3a), §9: its 

sks ee Sah i emai 2 
If n denotes the index of refraction for light of some other kind which 
is focused at a point x, and if f=az denotes the focal length for these 
rays, then 


PF 


pO RAY SOR ETE Ne ae ae (1b) 


n—1 
Let p=hy denote the radius of the blur circle due to this kind of light; 
then its value will be given by one of the following formulae: 
p_J-F |. p_P=f 
SIP Re betel EN 
according as f>F (that isn<WN) orf<F (that is, n>N), respectively. 
When the above expressions for F and f are substituted, we have, either 


RD ee eee Ce nny 
b n(N—-1) 

for n<WN, or 
pana NAY Me Leo) yah ine ACD RSE 
b n(N—1) 

for n>N. 


Now the intensity H of the illumination on the retina for light of 
colour corresponding to the value n of the index of refraction is: 


2 
Pose Se ee en 
p 


where A denotes the intensity of the incident light over the area bb. 
Combining this equation with either equation (2a) or equation (2b), so 
as to eliminate 6 and p, we find in both cases: 


Hage Nebel: Sound adh paneer) 


, Now the intensity of illumination J at any point in the blur circle 
is: 


J= { Han, BA RE diye CHa Lp 


the integral being taken over all values of n included in the given 
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range of colours. In the expression for H, the factor A is really a 
function of n, but its mathematical form is unknown. The factor n2 
varies very little over the range of the spectrum; and so for practical 
purposes, the product 
An?(N —1)2=B 

may be regarded as constant, which is equivalent to assuming that 
the brightness of the spectrum is practically uniform throughout 
its range, varying but little from red to violet. This assumption 
is really less favourable to our theory than the actual fact. According 
to equation (4): 


I= fap eas (4a) 


the integral being taken between the proper limits of n. However, 
every point of the blur circle is illuminated by light from both the red 
and violet ends of the spectrum. Let 7, n2 denote the extreme values 
of the index of refraction for the red light, so that 


N>ne>n1, 


and let ns, ns denote the extreme values of the index of refraction for 
violet light, so that 
N4a> Ns SNe 


Equation (4a) becomes therefore: 
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1 1 mi 1 uz 1 
ee Nom N—ni 

Now if po denotes the distance from the centre of the blur circle to 
the point where the intensity is to be ascertained, this point will be 
illuminated by light of all colours for which the radii of the blur circles 
are greater than po, or between po and r. For the less refrangible 
colours, equation (2a) gives: 

ok bp nil yrigiad? 

N—-n N'N(WN-1) p 


Since p=r for n=, and p=po for n=n2, therefore, 
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Similarly, with respect to ns and 74, we must employ equation (2b), 
which may be written: 


ee 


fait alii 2 pam aah 
N—-n, N-N(N—1)%r a, MD, PAQUET (4d) 
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Substituting in (4b) the values given by (4c) and (4d), we get 
finally: 
2B b= 0 
J=NoN =) (2) Ae cel pe mes (5) 
The value of J becomes infinite at the center of the blur circle (po =0) 
and vanishes at the border where po=r. 

Calculation of the intensity at the edge of a uniformly illuminated 
area. Thestraight line AB in Fig. 70 represents the edge of a luminous 
surface; and it is assumed that every point of 

this edge is blurred. Suppose that p is the 

| point where the intensity is to be found, and 
let r= pq denote the radius of the blur circle. 
This point p will get light from all those points 
7 ese of the surface that le within the circle des- 
cribed around p= as centre with radius r. Sup- 

pose s is one of these points, and put sp =p, 


\I ye and angle spq=w. Let J denote the intensity 
ae ee of illumination due to a single blur circle at 
eer the distance p from its centre. Then the 

ey total intensity at the point p will be 
H= f f Jpdedp, PR Ee eerenee (6) 


where the double integral must be taken over all parts of the area 
within the circle described around p. Now suppose that the edge of 
the illuminated surface is a straight line, and let the distance of the 


point s from it be denoted by x; then if the centre p of the circle is 
on this edge, 


p COSw=2, 


Integrating the expression for H, first, with respect to w, usmg the 
limiting value of the angle w as given by the last equation, we obtain: 
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i= [29 ae cos (& )d gt RAE are (6a) 


When the blur circles are due to imperfect accommodation, J may 
be considered as independent of p, and in this case: 


H=J E arc cos 2) -2Ve—a| a5 he) ae 3 (7) 


This equation gives, therefore, an expression for the intensity of 
illumination at a point near the edge of the surface as a function of the 
distance from the edge. For x=r, we get H =0; and for r= —r, we 
have H=Jr’r, so that here the intensity is equal to the general 
intensity of the uniformly illuminated area. 

When the blur circles are due to dispersion, the value of J given 
by equation (5) may be substituted in equation (6a). The result of 
performing the integration in this case is: 


an ety x A x ae r—-VP—2 
at NGAI) {° arc cos(#) Sree x?+<2 log nat (==)! (8) 


For x=r, we find (as before) H =0, and for r=—-T, 


2Bbrar 


4S NW=D) 


so that the intensity at such a point becomes equal to the constant 
intensity of the central portions of the surface. 

The variations of these functions are represented graphically by the 
curves in Fig. 71, curve A corresponding to equation (7) and curve 
B to equation (8). The ordinate H is shown as a function of the 
abscissa x. The ordinate ba represents the uniform intensity of 


Fig. 71. 


illumination of the interior portion of the surface, and the point ¢ 
shows the position of the edge, so that the dotted line adc would 
indicate the intensity of an image that was sharply defined at the 
edge. The diameter of the blur circle of the point ¢ is bg. A striking 
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difference between curve A and curve B is that the latter becomes 
perpendicular to the x-axis at the point f, corresponding to the actual 
position of the boundary. That is, for «+0, the derivative 


dH ___2Bb_ {2./a=@ [= ]} 
db N(N—1) {2h ea aa SS RerS) 


becomes infinite. This sudden drop in intensity enables the eye to 
recognize the position of the edge, even if some light does extend 
beyond it. In the case represented by curve A, however, the falling 
off is more gradual, so that there is nothing to indicate exactly where 
the edge is. 

If it were possible to take into account the diminishing brightness 
of the colours towards the ends of the spectrum, the curve B would be 
found to follow more nearly the dotted line drawn adjacent to it. 
That is, the intensity would approach its normal maximum value more 
rapidly inside the edge, and would fall off more rapidly outside, than 
curve B indicates. 

It will be clear from these considerations why the distinctness of 
visual images is so little affected by chromatic aberration. A combina- 
tion of lenses intended to correct the chromatic aberration of the eye 
does not produce any appreciable improvement of the visual acuity, 
according to the writer’s experience. A concave flint glass lens of 
15.4 mm focal length, taken from the objective of a microscope, was 
found suitable for this purpose. It was combined with convex crown 
glass lenses so as to produce a system with a negative focal length of 
about 2.6 ft; which was adapted for the writer’s eye so that he could 
discern distant objects through it clearly. On looking through this 
arrangement with half of the pupil covered, no coloured fringes ap- 
peared at the boundary between light and dark. The same was true 
even with the eye imperfectly accommodated; so that the lenses 
evidently rendered the eye practically achromatic. There was, how- 
ever, no apparent improvement in definition. 

The chromatic aberration in the eye was known to Newton, who 
mentions the coloured fringes that appear when the pupil is half covered.1 
Newron made the mistake of supposing that the dispersion of all transparent 
media is proportional to their refraction; and hence he concluded that an 
achromatic combination of lenses was impossible. Curiously enough, EvLER,2 
starting from the false premise that the eye is achromatic, argued that 
Newton must have been wrong as to his theory of dispersion and thence 
deduced the correct conclusion that an achromatic combination of lenses was 
possible. b’ALAMBERT® took exception to this reasoning, by pointing out 
that the chromatic aberration may not necessarily become noticeable in the 

1 Optics. Lib. I. P. IL. Prop. VILL. 


* Journal Encyclop. 1765. Il. p. 146. — Mém. del’ Acad. de Berlin. 1747. 
3 Mém. de l’ Acad. de Paris. 1767. p. 81. 
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eye, even if it were just as great as it is in glass lenses. DoLonp,! too, 
argued the same way and asserted that the eye cannot be achromatic, no 
matter if there are several different refracting media in it; because at every 
refraction the rays are bent towards the axis. The validity of DoLtLonp’s 
reasoning will be manifest when it is remembered that the violet rays are 
always more refracted than the red rays in going from one medium to another, 
so that at every refraction in the eye the violet rays must be bent towards the 
axis more than the red rays. MaskeLyNr? measured the chromatic aberration 
of the eye, and found the interval between the focal points to be 0.61 mm 
corresponding to a visual angle of 15’’; whereas a telescope is considered as 
achromatic when this angle is as much as 57”. Jurin® noted the coloured 
edges of ill-defined objects; and WotLaston‘ the peculiar appearance of the 
prismatic spectrum due to the inability of the eye to accommodate for all 
colours at once. MOoLLWEIDE® gave a complete theory of the appearances 
observed with the pupil half covered, and Tourruat discussed fully all the 
phenomena relating to the subject. The first accurate measurements of the 
chromatic aberration of the eye were made by FRAUNHOFER’ with reference 
to the fixed spectral lines discovered by WouuasToNn and himself; and subse- 
quent measurements were made by MATTHIESSEN.’ 

And yet in spite of all these investigations, many natural philosophers, 
like Forsrs* and VaAuLfés,® continue to cling to the idea that the eye is 
absolutely perfect and that it is more or less completely achromatic. 


1704. J. Newton, Optics. B.I. P. II. Prop. VIII.* 

1747. L. Huier, Mém. de Berlin. 1747. p. 285. — 1753. p. 249. — 1754. p. 200. 

1767. pv’ ALEMBERT, Mém. de l’Acad. de Paris. 1767. p. 81.* 

1789. Masketyne. Phil. Trans. LXXIX. 256.* 

1798. Comparerti, Observationes de coloribus apparentibus. Patavini. 

1801. Tu. Youne, Phil. Trans.. 1801. P. I. p. 50.* 

1805. Mo.ttwerpe in Girperts Annalen. XVII. 328. u XXX. 220. 

1814. *FRAUNHOFER in GiLBERTS Annalen. LVI. 304. — ScHuHMACHERS astronom. <Ab- 
handlungen. Altona 1823. Heft II. 8S. 39. 

1826. J. Miter, Zur vergl. Physiol. des Gesichtssinns. Leipzig. S. 195. 414.* 

1830. *Tourtuat, Uber Chromasie des Auges. Mercxets Archiv. 1830. 8S. 129.* 

1837. Mitr, Poccenporrrs Ann. XLII. 64. 

1847. A. Martruiessen, Comptes rendus, XXIV. 875; Institut. No. 698. p. 162; PoaGENn- 
porrrs Ann. LX XI. 578*; Frorreps Notizen. III. 341; Archive d. sciences phys. 
et natur. V. 221; Berl. Berichte. 1847. 8S. 183.* 
L. L. VaLu&xE, Comptes rendus. XXIV. 1096; Berl. Ber. 1847. S. 184.* 

1849. J. D. Forses, Proceed. Edinburgh Roy. Soc. Dec. 3. 1849. p. 251; SrLLIMAN’s 
Journ. (2) XIII. 413; Berl. Ber. 1850. p. 492.* 

1852. L. L. Variin, Comptes rendus. KXXIV. 321; Berl. Ber. 1852. S. 308.* 

1853. L. L. Vauitn, Sur l’achromatisme de Veil C. R. XXXVI. 142-144; 480-482. 

1855. Czermax, Zur Chromasie des Auges. Wiener Sitzwngsber. XVII. 563. 

1856. A. Ficx, Einige Versuche iiber die chromatische Abweichung des menschlichen 
Auges. Archiv fiir Ophthalm. II. 2. 70-76. 


1 Philos. Trans. LXXIX. p. 256. 

2 Philos. Trans. LXXIX. 258. 

3SmitH’s Optics. 96. 

4 Philos. Trans. 1801. P.I. p. 50. 

5 Giperts Annalen. XVII. 328. XXX. 220. 

6 Gitperts Annalen. LVI. 304. — Scuumacuers astronom. Abhandlungen. Heft 
II. 8. 39. 

7 Comptes rendus. XXIV. 875. 

8 Proc. Roy. Edinb. Soc. Dee. 3. 1849. p. 251. 

° Comptes rendus. XXIV.1096. XXXIV. 321. 
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1862. F. P. Leroux, Expériences destinées 4 mettre en evidence Je défaut d’achroma- 
tisme de l’weil. Ann. de chimie. 3. LXVI. 173-182. Cosmos. XX. 638-639. 
—  Trovessart, Défaut d’achromatisme de Veil. Presse scientifique. p. 72-74. 


Note by A. Gullstrand 


With the further development of the theory of optical imagery 
and of the so-called aberrations, for the sake of accuracy, a distinction 
should be made between the phenomena that were formerly grouped 
together under the head of chromatic aberration. Since all the 
magnitudes that determine the nature of the imagery may have dif- 
ferent values for different indices of refraction, the only exact way of 
describing the phenomena of chromatic aberration, as it is called, is in 
terms of the chromatic differences of these parameters. Along the 
axis of a centered optical system, for example, we must first take into 
account the chromatic difference of focus and the chromatic difference 
of magnification. By the former is meant the distance between the two 
focal points due to two different kinds of light; and the latter is pro- 
portional to the difference between the primary focal lengths of the 
system. The difference of magnification cannot be found directly 
from the difference of focus except in the special case when the position 
of the second nodal point is independent of the index of refraction, as 
is the case in the reduced eye, but as is not the case in the human eye. 
For the same reason, both differences vanish simultaneously in the 
achromatization of an infinitely thin optical system; but as a rule this 
does not happen. 

The focus difference is what HELMHOLTZ has in mind above in his 
discussion of the distribution of light within the blur circles. As to the 
difference of magnification, perhaps it might be neutralized by just 
the same mechanism as for the focus difference, provided the images 
are very small. The reason why a bright point is seen without a 
coloured border, is because, as HELMHOLTz has proved, the dimensions 
of the blur circles of light of the longest and shortest wave-lengths are 
about equal and also because the coloured borders are faint. However, 
two adjacent bright points cannot produce concentric blur circles at 
the same time for light of both short and long wave-lengths, since one 
of them must necessarily lie outside the axis. The centre of the blur 
circle due to light of short wave-length is nearer the axis for this 
latter point than that of the blur circle due to light of long wave-length; 
and hence the two sides of this point cannot be seen in one and the 
same colour at the same time, on account of the chromatic difference 
of magnification. Since the chromatic difference of the size of the 
image is to the size of the image for a given kind of light in the same 
ratio as the chromatic difference of focal length is to the focal length 
for the given kind of light, the value of this ratio can be obtained for 
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the reduced eye from HrLMHOLTz’s numerical data. In round numbers 
it is 3 per cent. While it may be somewhat larger than this in the 
human eye, obviously the image must be fairly large before the chrom- 
atic difference of magnification would be noticeable; and considering 
the distribution of light in the chromatic blur circles, it is hardly to be 
supposed that this difference is appreciable when it is measured in 
minutes and is of the same order of magnitude as the angular size of 
the place of most distinct vision. 

The chromatic difference of magnification increases with the size 
of the image, but at the same time the ability to see the coloured 
borders diminishes, because they fall on parts of the retina that are 
farther removed from the place of most distinct vision. Now if this 
decrease of the visual acuity were proportional to the increase of the 
width of the coloured border, the phenomena of the chromatic dif- 
ference of magnification, although physically present on the retina, 
would not be physiologically revealed by the visible appearance of 
coloured fringes. This physiological mechanism is adequate to mask 
the chromatic differences of magnification in the outlying portions of a 
large retinal image. If, however, the object consists of two bright, 
narrow lines whose angular separation amounts to 3°, and a point is 
fixated symmetrically situated between them, the lines will appear 
more than 5’ nearer together when they are illuminated by violet light 
than when they are illuminated by red light; this difference being 
divided equally between both lines, so that each of them appears like 
an impure spectrum of about 2.5 minutes in apparent width. Without 
making the statement that the eye is able to distinguish between a 
spectrum of this kind and a bright line at an angular distance of 1.5° 
from the point of fixation (because at present exact determinations of 
this question have not been made and perhaps they would be difficult), 
it may be noted that there is in the eye a mechanism tending to 
neutralize the chromatic difference of magnification in the case of 
objects of this kind. 

As the writer has shown by entoptical investigations, considerable 
chromatic dispersion occurs in the passage of light from the vitreous 
humor to the retina. The reason of this is that the shadows due to 
refraction of light in the most curved central portion of the fovea— 
the entoptical fovea, as the writer has called it—cannot be seen with 
light of long wave-length, but only with light of short wave-length, 
and is undoubtedly due to the luteous ingredients in the lymph of the 
retina. On leaving the vitreous humor, rays belonging to image-points 
near the axis are refracted in the fovea away from the axis, and since 


1 Die Farbe der Macula centralis retinae. Arch. f. Ophth. LXII, 1. 8.1. 1905. Zur 
Maculafrage. Ibid., LX VI, 1. 8. 141. 1907. 
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this effect is greater for the rays of shorter wave-length, the result is a 
comparative magnification of the images due to these rays. Just how 
much this contributes toward neutralizing the effect of the chromatic 
difference of magnification, it would be difficult to say. 

Since the centres of the refracting surfaces of the eye do not all lie 
on the line of sight, the centre of the exit-pupil of the eye has different 
positions for light of different wave-lengths. Strictly speaking, there- 
fore, a chromatic difference of the directions of the lines of sight in the 
vitreous humor has to be taken into account. However, this effect is 
hidden by the unsymmetrical form of the blur circle due to the mono- 
chromatic aberrations. This is made manifest by viewing a small 
artificial source of light through cobalt glass with the eye adjusted for 
red; the bluish blur circle that most people see appears broader on the 
temporal than on the nasal side. 


§14. Monochromatic Aberrations! 


Besides the.inexactness of the image due to unequal refrangibility 
of light of different frequencies, optical instruments made of glass 
lenses with spherical surfaces are subject to another kind of aberration, 
namely, defects on account of spherical form or so-called spherical 
aberration. ‘This aberration is due to the fact that, in general, a 
homocentric bundle of rays even of one homogeneous kind of light 
after being refracted at curved surfaces will be only approximately 
homocentric. There are, indeed, certain curved surfaces (aplanatic 
surfaces) which may, under proper conditions, reynite the rays exactly 
at one point. They are surfaces of revolution generated, as a rule, by 
a curve of the fourth degree; though in certain cases, for example, 
when the point source is at infinity, the genetratrix is an ellipse.” 
Moreover, by a suitable choice of constants (indices of refraction, 
curvatures and distances apart) it is possible to design centered sys- 
tems of spherical refracting surfaces in which for a given point on the 
optical axis the spherical aberration is more or less inappreciable. 
Systems of this kind are called aplanatic also.’ Of course, the blurred 
image of a luminous point on the axis of a centered system of spherical 
refracting surfaces is symmetrical with respect to the axis. It forms 
a round spot which is brightest at the centre and fades rapidly in all 
directions from that point. 


1See Appendix V at end of Part I. G. 

2 {Or an hyperbola, in case the first medium is more highly refracting than the second. 
(J. P. C. 8.) 

5 {This is the original meaning of the term “aplanatism” in geometrical optics; but 
since the time of AssE the word has become more restricted and is applied to an optical 
system which is not only free from spherical aberration along the axis but also satisfies the 
so-called “sine condition.” (J. P. C. 8.) 
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The monochromatic aberrations in the optical system of the eye 
are not, like the spherical aberration of glass lenses, symmetrical 
about an axis. They are much more unsymmetrical and of a kind that 
is not permissible in well constructed optical instruments. Neither 
the term “spherical aberration” as applied to spherical surfaces nor 
the awkward expression ‘‘aberration on account of the form of the 
refracting surface,’’ which is used with respect to other curved re- 
fracting surfaces, is sufficiently general to describe this particular fault 
in the case of the optical system of the eye; and the term that will be 
used here is monochromatic aberration, since this aberration is con- 
cerned simply with homogeneous (monochromatic) light, and also in 
order to distinguish it from the chromatic aberration, which was the 
subject of the preceding section. 

The phenomena are as follows: 

1. Suppose the object is a very small luminous point (for example, 
a pinhole in a piece of opaque black paper illuminated from behind), 
which is situated rather farther from the eye than the greatest distance 
of accommodation; so that its image on the retina will be indistinct. 
In place of the bright point, what is seen is not a circular spot, as in 
the case of a telescope out of focus, but 
a star-shaped pattern with from four to 
eight irregular points or rays, which is us- 
ually different in the two eyes, and differ- 
ent also for different individuals. Fig. 72, 
a and 6b, show the patterns as they look 
in the writer’s right and left eye, respec- 
tively. When blurred images of this kind 
are produced by white light, the outer 
edges of the bright parts have a blue border, 
and the edges towards the center are orange 
coloured. For most people the vertical 
dimension of the figure is greater than the horizontal. When the 
illumination is faint, only the brightest parts of the pattern are visible, 
and it then appears as a small cluster of spots, one of which is usually 
more conspicuous than the others. With very intense light, on the 
other hand, as when the pinhole is illuminated by direct sunlight, the 
points of the star seem to merge together, while all around it an immense 
number of exceedingly fine, brilliantly coloured, radiating lines form a 
sort of corona of much greater extent. The name hair corona will be 
used to distinguish this phenomenon from the star-shaped blurred 
image. 

Now as he is watching the star-shaped figure, or the group of spots, 
in ease of feeble illumination, suppose the observer gradually inserts 


Fig- 72. 
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a card from below in front of his eye; then he will see the lower part 
of the blurred image eclipsed first, which corresponds, of course, to 
the upper part of the retinal image; and if the card is interposed from 
above, or from the right or left, the part of the image that disappears 
first will be the upper part or right or left part, respectively. But the 
behaviour of the more extended hair corona, produced by very bright 
illumination, is different. When the pupil is gradually covered from 
below, the lower part of the central, star-shaped figure disappears as 
before, but not the lower part of the corona. However, the appearance 
of the corona will be disturbed and altered, and very brilliant diffrac- 
tion patterns will develop, depending on the reduction and deforma- 
tion of the pupillary opening. The radiant appearance of stars and 
distant lights is an example of these phenomena. 

2. When the eye is accommodated for a distance greater than that 
of the luminous point (which may be accomplished in case the source 
is far away by inserting a weak concave lens before the eye), there 
appears another kind of star-shaped figure, whose longer dimension is 
generally horizontal. Fig. 72, c and d, represent these appearances in 
the writer’s right and left eye, respectively. Now when the pupil is 
gradually covered from one side, it is the opposite side of the figure 
that disappears first, and hence the same side of the retinal image. 
Accordingly, this figure is made by rays that have not yet crossed the 
axis of the eye. If the cornea is moist with tear-fluid, or has been cov- 
ered with oil-drops from the Mrrsomian glands by vigourous blinking, 
the star pattern is usually larger and more irregular and considerably 
altered by blinking, and when the pupil is covered from one side, the 
effect is not a simple disappearance of one side of the figure. 

3. When the luminous point is situated where the eye can ac- 
commodate for it, moderate illumination shows it as a small, round, 
bright spot without any irregularities. The radiant appearance again 
becomes evident, however, when the illumination is increased, what- 
ever the state of accommodation. With gradual changes of accom- 
modation, all we find is that the starry pattern which is vertically 
elongated for shorter accommodation becomes smaller and rounder 
and then elongates horizontally into a star again, when the distance 
of accommodation exceeds that of the source of light. 

4. When the source of light is a narrow line, the resulting appear- 
ance can be found by constructing the blurred starry images for each 
separate point of the luminous source, which will partly overlap each 
other. The brighter portions of these figures unite to form stripes, 
which appear as multiple images of the bright line. Most people see 
two of them, whereas in certain positions many persons see five or six 
of these double images. 
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In order to demonstrate experimentally also the connection between 
these double images of lines and the star-shaped images of points, cut 
a narrow slit in a piece of black paper, and make a small 
pinhole a little way from one end of it, as shown in Fig. 
73, a. Viewed from a distance, the double images of the 
slit will be seen to be just as far apart as the brightest parts 
of the star, and to be exactly in line with them, as shown 
in Fig. 73, b; where, in the blurred image of the bright 
point, only the brightest parts of the star-shaped spot in 
Fig. 72, a are reproduced. 

An example of this phenomenon is afforded by the 
multiple images of the horns of the crescent moon as seen by most 
persons. Another illustration is the effect that is occasionally seen at 
the edge of a bright area for which the eye is not exactly accom- 
modated. The transition at the edge from light to darkness appears to 
be made in two or three stages. Other related phenomena are to be 
described later in the theory of irradiation. 

5. In general, the accommodation of the eye 
is not the same for horizontal and for vertical lines 
at the same distance. Suppose a person looks 
intently at a pencil of rays all radiating from one 
point, as shown in Fig. 74, the eye being at a suit- 
able distance for easy 4ccommodation. Now it 
will be noticed that each of these lines can be seen 
separately clear and distinct one after another, but only one at a time 
can be made to stand out sharp and black, and all the others will 
appear more or less blurred. If the 
person is accustomed to noting changes 
of accommodation in his own eyes, he 
will observe that it takes less accommo- 
dation to focus the horizontal line dis- 
tinctly, and more accommodation to 
focus the vertical line distinctly. That 
is, a vertical line must be held farther 
from the eye than a horizontal one, in 
order to see them both with equal clear- 
ness at the same time. A. Fick saw 
vertical lines distinctly at a distance of 
4.6 m, and at the same time horizontal lines at a distance of 3 m. 
In the writer’s case the distances were 65 cm and 54 em for horizontal 
and vertical lines, respectively. 

Consider a white card on which a large number of concentric circles 
is drawn very close together but at equal distances apart, as repre- 


Fig. 73. 


Fig. 74. 
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sented in Fig. 75. When this is inspected at a convenient distance for 
good accommodation, peculiar radiating sectors will be seen, which on 
closer examination will be found to be due to the fact that along the 
brighter radii the black and white lines are sharply differentiated, while 
in between them are bright grey blurred places where the black lines 
are fainter. By varying the accommodation a little or the distance of 
the diagram from the eye, other portions of the figure become clear, and 
we get an impression as if the sharply defined radii were rapidly 
rotating. When the card is held fairly close to the eye, and the eye 
accommodated for a farther distance, some 8 or 10 sectors will be seen 
with clear-cut lines; and where these join each other, they are nebulous, 
but it is evident that the black lines of one sector do not harmonize 
with those of the adjacent sectors. The result is the most interior 
circles have a queer distorted appearance. Obviously, these phenomena 
are all due to some sort of asymmetry of the eye. An optical instru- 
ment that is symmetrical around its axis may certainly produce a 
blurred image of a point on the axis; but it would have to be sym- 
metrical and therefore circular. 

The next thing to be ascertained is what features of the small, 
star-shaped, blurred image are permanent and occur regularly in good 
eyes; and, on the other hand, how it is modified by such transient 
influences as the presence of tear-fluid and other impurities on the 
cornea from the lids and eyelashes. A. Fick has shown that these 
latter effects may be imitated artificially by obtaining the image of a 
luminous point in a glass lens with a film of water on its surface. 

These evanescent phenomena are of rare occurrence in the writer’s 
own eyes. Ordinarily the same patterns as those shown in Fig. 72, 
which somehow recall the star-shaped structure of the crystalline lens 
as depicted in Fig. 20, constantly recur. In fact, the author might 
be persuaded that the most essential characteristics of these star- 
shaped patterns were due in some way to the irregularities of the 
crystalline lens, because when the illuminated hole is very close to the 
eye, the so-called entoptical phenomena, to be described in the next 
section, become manifest in the blurred image. There also we shall 
see how the place in the eye can be determined where the little object 
is that causes this phenomenon. What was found was, that as the 
distance of the luminous point from the eye was gradually increased, 
certain alternately bright and dark bands produced by the entoptical 
image of the crystalline lens were transformed into the bright and dark 
specks and streamers of the star patterns shown in Fig. 72, ¢ and d. 
Sketches illustrating the process were made by Youne.! 


1 Philos. Transact. -1801. I. pl. VI. 
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As to the second class of phenomena above mentioned, namely, 
differences of focal length for horizontal and vertical lines, the explana- 
tion as yet is not quite so certain. Such effects are of course to be 
expected wherever light is refracted by surfaces with different curva- 
tures in different directions, or even by spherical surfaces, when the 
rays are incident obliquely; either of which might occur in the eye. 
Horizontal and vertical meridian sections of the refracting surfaces of 
the eye have not quite the same curvature; and, besides, we know that 
the human eye is not exactly centered, and that the place of direct 
vision is not on the straight line that comes nearest to meeting the 
requirements of an axis of the eye. 

The focal lengths of Youna’s eye were quite different in the 
horizontal and vertical meridians, and he found by experiment that 
this difference was not in the cornea.!. Thus, when his eye was im- 
mersed in water so as to neutralize almost completely the refraction 
of the cornea, there was practically the same difference of power of 
accommodation in the two meridians as before. This fault of the eye 
can be corrected, as Youna likewise remarked, by using spectacles 
inclined at a certain angle to the axis of the eye; as has been verified 
by the writer, who found that a weak concave lens could be held before 
the eye and adjusted at the right angle to enable him to see equally 
distinctly both horizontal and vertical lines at the same time. 

And, lastly, imperfect transparency of the ocular media may also 
be partly responsible for monochromatic aberrations in the eye. The 
fibres of the cornea and lens certainly seem to be bound together by 
another substance of pretty nearly the same index of refraction, so 
that with moderate illumination these parts appear perfectly homo- 
geneous and transparent. But when they are strongly illuminated by 
concentrating light on them with a lens, the light reflected from the 
edges of the elementary parts is strong enough to produce a faint 
cloudy glow. A part of the light transmitted through them is scattered 
and must fall on parts of the retina outside the place where the reg- 
ularly refracted light goes. In fact, when a very brilliant light is seen 
against a dark background, there is a nebulous white glow over the 
surroundings, brightest near the light. As soon as the light is cut off, 
the luminosity of the b:ckground vanishes also. It would seem that 
this phenomenon must be explained by diffused refraction.’ 

The theory of refraction at aspherical surfaces and at spherical 
surfaces at oblique incidence will not be fully treated here, because, 
without more accurate information as to the forms of the refracting 


1 Philos. Transact. 1801. I. p. 40. 
2 Hp_MHOLTz in PocGeNnporFrs Ann. LXXXVI. 509. 
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surfaces of the eye, it would be of little use for investigations of ocular 
refractions. It will suffice to examine two cases of this sort of refraction, 
in which the conditions are mathematically simple. 

First, consider the refraction at the vertex of an ellipsoid with 
unequal axes. Let the axis corresponding to the vertex be represented 
by the straight line gb, Fig. 76; the luminous point p being supposed 
to lie on it. The plane of the diagram is a principal section of the 
ellipsoid and contains therefore another axis gh. Since the normals to 
the ellipsoid at points in a principal section are also contained in that 
section, the normals to the curve bch must therefore lie in the plane of 
the diagram. A ray pc will be refracted at c in a direction lying in the 
plane through p and the normal at c, that is, in the plane of the diagram, 
and hence will intersect the axis bg at some point g. This would not be 
so if the plane of the diagram were not a principal section of the ellip- 
soid. Draw ad normal to the surface at c; then by the law of refraction 


sin Zped=n sin Z acq, 


where n denotes the relative index of refraction of the two media. 
So far the condition is the same as for a surface of revolution. The rays 
: that are incident on 
the surface nearly nor- 
mally in the vicinity 
of the vertex 6b will 
therefore all be re- 
fracted to a point on 
the axis whose position 

Fig. 76. depends on the radius 
of curvature (7,) of the curve bch at the point 6. When the point p is 
at infinity, the focal length of the surface in this principal section is 


nr 
equal to : : 


F A perfectly similar expression will be obtained in the 


same way for rays issuing from 7p in the other principal section (which 
is the plane containing bq and the third axis of the ellipsoid), except 
that the radius of curvature at the vertex of the ellipsoid has a dif- 
ferent value (7) in this principal section; and hence the focal length 


of the rays in the second principal section is 


<a That is, the ray 


pq will be intersected by those immediately adjacent to it in the plane 
of the diagram at some point q; but it will be intersected by the ad- 
jacent rays lying in a plane perpendicular to that of the diagram, 
not at the point g, but at some other point s. Now let us suppose that 
the rays from p all pass through a circular opening perpendicular to 
the axis pq at b. The cross section of this bundle of rays will be circular 
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at b; but between b and q it will be elliptical with the major axis of the 
ellipse perpendicular to the plane of the diagram. The ellipse gets 
smaller and more elongated, the nearer the cross section is to q; and at 
q the cross section of the bundle of rays is a horizontal straight line 
perpendicular to the plane of the diagram. Beyond this point the 
cross section is again an ellipse with its major axis perpendicular to 
the plane of the diagram, which soon becomes more and more round 
and is actually circular about midway between gq and s; then it becomes 
an ellipse again with its major axis in the plane of the diagram, which 
collapses into a vertical line at s. Beyond this point it gradually gets 
broader again and becomes more and more circular. 

The results are similar when a narrow bundle of incident rays 
encounters a spherical refracting surface obliquely. Suppose that the 
curve bch in Fig. 76 is the section of a spherical surface and that the 
straight line pe represents a ray incident on it at a finite angle of in- 
cidence. We know (ef. Fig. 32) that rays proceeding in the plane of 
the diagram and incident on the surface in the immediate vicinity of 
the point ¢ do not intersect each other in a point on the axis pq after 
refraction, but at a point off the axis which lies on the caustic surface. 
Suppose ¢ is this point. Conceive now that the whole figure is rotated 
around ap as an axis; so that the ray pe will come in succession into 
the positions of all rays from p that cross the axis at the same angle. 
The corresponding refracted ray cq will also describe a ray-cone with 
its vertex at the point g. Consequently, whereas the rays immediately 
adjacent to pc in the plane of the diagram intersect it at t, those ad- 
jacent to it on either side of that plane intersect at it g. Finally, it 
may be added that other adjacent rays do not intersect pe at all. 

Another question to be asked about this subject is, What is the 
effect of diffraction of light at the edge of the pupil on the monochro- 
matic aberrations? And this suggests a further question as to whether 
the star-like form of the small blurred patterns may not be due to the 
minute indentations in the edge of the pupil. In fact, if a luminous 
point is viewed through an opening smaller than the pupil, the edge of 
which is not perfectly smooth, a more extensive star-shaped figure will 
be seen; although, as a rule, such patterns consist rather of very fine 
hair-like brightly coloured rays, similar to the hair corona of the eye 
which was described above and which is seen around any brilliant 
point-source even without using an artificial opening. When the 
opening is rotated around its centre, the entire corona turns with it; 
which shows that the effect is due to the contour of the aperture. 

The writer could not be sure of perceiving in his own eye the indica- 
tion of any diffraction of light due to the fine fibrous structure of the 
crystalline lens. When a small luminous point is observed through a 
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smooth round hole in a metal disc, invariably the whole diffraction 
pattern turns with the disc. Any features of this pattern that might 
be due to the fibres of the cornea or lens would necessarily have re- 
mained stationary. However, Brrr! describes diffraction phenomena 
in his eye which he attributes to a fibrous structure of the ocular 
media. 

Still these diffraction phenomena are essentially differentiated 
from the appearance of the small blur circles by the circumstance that 
the latter are eclipsed on one side, without affecting the appearance of 
the opposite side, when the pupil is screened on one side. On the con- 
trary, when a diffraction pattern is caused by a fine thread or a narrow 
slit, it never extends merely in one direction, but always in two op- 
posite directions, because every interruption of a wave of light is 
invariably manifested in opposite, and usually in all, directions. Now 
the hair-line figures have this very characteristic; as soon as an ob- 
stacle begins to encroach upon the pupil, the whole figure becomes 
more or less altered and distorted. 

But apart from the diffraction effects due to irregularities in the 
contour of the pupil, it should be remembered that the pupil as a whole 
being a small round opening, may also cause diffraction. Whenever 
light from a point-source is refracted at one or more surfaces of limited 
aperture, even if the optical system is otherwise achromatic and aplan- 
atic, the focus of the refracted rays is not a sharply defined point, but 
a small light pattern, due to diffraction at the edge of the aperture, 
with alternately bright and dark places, whose form and position 
depend generally on the size and shape of the aperture. If the aperture 
is circular, as in the eye and in most optical instruments, the diffraction 
figure consists of a bright central disc surrounded by several dark and 
bright rings whose brightness falls off rapidly. Let d denote the diam- 
eter of the aperture, r its distance from the image, and | the wave- 
length of the light; then by both theory and experiment it is found 
that the diameter of the central bright circle is 


lr 
6= 2.440 a 


If we put 1=0.0005 mm (as representing the average value of a wave- 
length of light) and r =20 mm for the eye, the above formula becomes: 


1 
6 = 0.0244 - q 


where the magnitudes are all expressed in millimetres. For the min- 
imum diameter of the pupil (d=2 mm), 6=0.0122 mm. A blur circle 
of this size on the retina corresponds to a visual angle of 2’6’’, and is 


1 PoccenporFrs Ann. LXXXIV. 518. 
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equal to that corresponding to a point 25 metres away, when the eye is 
accommodated for an infinite distance. Since the smallest visible 
object consisting of two separate points subtends an angle of about 1’, 
diffraction effects begin to impair visual acuity when the pupil has 
its least diameter. 

Another instance of monochromatic aberration is found in the 
streaks of light that appear to proceed upwards and downwards from 
a bright object when the eyelids are half closed. These are due to 
refraction by the concave boundaries of the areas of moisture left 
upon the eyeball by the lids. These curved boundaries act like a 
small prism of variable angle, or a series of small prisms, and cause 
considerable deviations in the direction of the incident light. 


Measurements made by various physicists as to the inequality of the 
focal lengths of the eye in the horizontal and vertical meridians indicate that 
much divergence exists among individuals in this respect. Some observers, 
as BrUcke,} fail to detect any difference at all, or obtain conflicting results. 

Young reports that his eye will bring to the same focus rays in the 
vertical meridian diverging from a luminous point 304 mm away and rays 
in the horizontal meridian from one 213 mm away. In order to express this 
difference independently of the accommodation distance, he computes the focal 
length of a cylindrical lens which, used as a spectacle glass, would make the 
two distances identical, and finds that it would be 700mm. That is, a convex 
lens of this focal length with the cylindrical axis horizontal, or a concave one 
with the cylindrical axis vertical, would have neutralized the defect in his case. 
The two corresponding distances found by A. Ficx for his eyes were 3m and 
4.6 m, respectively, while the writer finds 0.54 m and 0.65 m. These latter 
figures will be seen to differ in the opposite sense from those of Young, and to 
be much smaller in amount. Expressed in terms of the focal length of a cylin- 
drical lens, the difference of the two meridians in Fick’s case corresponds to a 
focal length of 8.6 m and in the writer’s case to one of 3.19m. Data of this 
kind are easily obtained by means of two pins stuck, one vertically and the 
other horizontally, in a long bar; the observer looks from one end of the bar at 
one of the pins and adjusts the other at such a distance that both are clearly 
visible at once. 

A. Fick observes that an eye looking casually at anything is usually 
accommodated for vertical lines. In order to make an approximate calcula- 
tion of the distance between the two focal planes, let us suppose that LisTINe’s 
schematic eye is accommodated for vertical lines; and that the difference of 
focus in the horizontal and vertical meridians is the same for this eye as it 
was in each of the three cases cited above. We find that the focal point of 
rays in the horizontal meridian would be, according to the data of: 

Tu. YOUNG, 0.422 mm in front of the other; 

A. Fick, 0.035 mm beyond the other; 

H. Hetmuour7z, 0.094 mm beyond the other. 
It is to be noted that these differences amount to less than the chromatic 
aberration of the focal points of red and violet rays (0.6 mm). Moreover, 
they have very little effect on the visual acuity so long as it is simply a question 
of distinguishing separate lines that all have the same general direction; and 
they are not detrimental to any extent except when it comes to seeing crossed 
lines distinctly at the same time. 


1 Fortschritte der Physik im Jahre 1845. Bd.I. S. 211. 
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The multiple images of a point or a line arising from imperfect accommo- 
dation had been noted by DE LA Hire! and Juri,’ neither of whom, however, 
found the correct explanation. Subsequently, Youne? described and sketched 
the form of the blurred figures for various distances of the luminous point; 
and expressed the opinion that the star-like shapes might be due to slight 
irregularities in the anterior surface of the crystalline lens. Hassenrratz* 
referred to them also and attributed them to the same cause, regarding them 
as lines of intersection of two caustic surfaces. Purxinse® describes the 
phenomena of multiple images, and also those observed on viewing fine parallel 
lines, and constructs the star figure, which he considers as most probably due 
to facets of the cornea. PécLET® notes the multiple images of a bright line, 
and ascribes it to peculiarities of the refracting surfaces, as do also Nrepr,’ 
Guéranp’ and FLIeDNER.’ The last named gives a very complete description 
of all these phenomena. TRrourssarT” thinks that a network must be assumed 
to be beyond the refracting surfaces of the eye, and that the multiple images 
are produced by its manifold meshes, on the same principle as ScHEINER’s 
experiment. Ficx’s!! view of this matter has been mentioned already. These 
same phenomena have been discussed also by AIMEE” and CranmorE. An 
entirely unique theory as to the origin of the multiple images, known to 
oculists as polyopia monophthalmica, was advanced by STELLWAG VON 
Carton.“ He claims to have observed that the different images are formed by 
light polarised in different planes. But this is a mistake; and he was probably 
misled by using in his experiments a poorly polished tourmalin crystal with 
slightly curved surfaces or striations in the interior. A plate of this kind with 
a slightly cylindrical surface, rotated in front of the eye, would bring the 
horizontal and vertical rays to a focus alternately, thus eliminating one set of 
double images at a time. In order to get rid of the effect of such a fault in the 
crystal, it should be placed between the source of light and a small pinhole in a 
screen, so that the light is polarised before it comes through the opening. If 
now the opening is observed from a sufficient distance to get the star-shaped 
figure, it will be found that rotating the tourmalin, and therefore also the 
plane of polarisation of the light, does not have the slightest influence on the 
double images. Besides, the results said to have been obtained by STELLWAG 
are not in accordance with the laws of double refraction. His theory has been 
disproved by Gut.” SrmeLuwaq’s paper includes a summary of the medical 
] a on the pathological occurrence of abnormal diplopia monoph- 
tha’mica. 
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The phenomena of diffraction inthe eye have been investigated by BauprRI- 
MONT,’ WALLMARK’ and Brrr.? The streaks of light, produced by the con- 
cave films of tear-fluid when the eyelids are half closed, were noted by Mrrer* 
of Leipzig. 

Young’ seems to have been the first to mention the asymmetry of the eye 
in different meridian planes. He quotes the statement of a Mr. Cary, to the 
effect that many persons find it necessary to wear their glasses close against 
the eyes, in order to see well with them. Further observations on the subject 
were made by Arry,® Fiscuer,’ Cuauuis,3 HEINEKEN,’ Hamiton,!” 
ScHNYDER," and, finally, by A. Ficx.!? Scunyper employed cylindrical 
spectacle lenses to correct this defect. A more complete summary of these 
investigations will be found in Frcuners Zentralblatt for 1853, pp. 73-85; 
96-99 ; 374-379; 558-561. 

The question of the spherical aberration of the eye, in the sense in which 
that term is applied to artificial optical instruments, loses its practical import- 
ance as compared with the much more serious defects that have been de- 
scribed. In Youna’s experiments with his optometer, described in the 
preceding section, a single thread viewed through four openings appeared as 
iour intersecting lines which did not meet all in one point when the eye was 
accommodated for near vision. VOLKMANN*® likewise endeavoured to deter- 
mine by experiment whether the optical system of the eye shows spherical 
aberration. Through four small openings in a curved line in a screen, he 
looked at a needle, which could be set at different distances from the eye. 
Evidently, if the axial portion of the eye brought the rays to a nearer focus 
than the peripheral parts, this fact would be proved by getting distinct images 
through the inner apertures before getting them through the outer apertures, 
when the needle was moved away from the eye towards the position of distinct 
vision; and, on the contrary, if the images in the outer holes are seen dis- 
tinctly befo:e those in the inner holes, it means that the edge rays are brought 
to a focus first.14 VoLKMANN’s results were different for different individuals. 
For regular refracting surfaces of revolution these experiments of Youne and 
VOLKMANN would undoubtedly have indicated the nature and magnitude of 
the spherical aberration of the eye. But in most meridians of the ordinary 
eye the points of intersection of the refracted rays with the central ray do not 
form a continuous series at all, so that here the conception of spherical 
aberration really does not apply. 


10. R.d.V Acad. d. sc. XX XIII. 496; Institut. No. 931; Phil. Mag. (4) IL. 575. 

2 PoccGENnpDorFFs Ann. LXXXII. 129. 

3 PocaEnporrFrs Ann. LXXXIV. 518. 

4 Poccrnporrrs Ann. LXXXIX. 429. 

5 Phil. Transact. 1801. I. p. 39. 

6 Hdinb. Journal of Sc. XIV. p. 322. 

7 Berl. Denkschriften 1818 and 1819. S. 46. 

8 Transact. of the Cambridge Phil. Soc. I1.: Phil. Mag. (3) XXX. 366. 

9 Phil. Mag. XXXII. 318. 

10 Frorimps Notizien. VII. 219. 

U Verhandl. d. schweizer. naturf. Ges. 1848. 8S. 15; Frorters Notizen. X. 346; Arch. 
de Geneve. X. 302. 

12 De errore quodam optico asymmetria bulbi efecto. Marburgi 1851; Hunix u. Preurrer 
Zeitschrift. N. Folge. Bd. Il. S. 83. 

13. Wacners Handworterbuch fiir Physiol. Article: “Sehen.” 

4 {See description of “annulus”? method of testing for spherical aberration, similar 
to VoLKMANN’s method for the eye, in paper by L. D. Wetp in School Science and Mathe- 
matics. XVIII (1918), 547. (J. P. C.S8.) 


200 Dioptrics of the Eye (171, 172. 


1694. pea Hire, Accidens de la vue in Mém. del’ Acad. de Paris. 1694. p. 400. 

1738. Junin, Essay on distinct and indistinct vision. p. 156 in R. Smrrn’s Optics. 

1801. Tu. Youne in Philos. Transactions for 1801. I. p. 43.* 

1809. Hassenrratz, Ann. de Chimie. T. LXXII. p.5. 

1818. Fiscuer, Berliner Denkschriften fiir 1818 u. 1819. 8. 46. 

1819. Purxinse, Beitrdge zur Kenntnis des Sehens. Prag. S. 113-119.* 

1824. Pficrer, Ann. d. Chimie et d. Phys. LIV. 379; Poaernporrrs Ann. XXXIV. 557. 
Aim&E, Ann. d. Chim. etd. Phys. LVI. p. 108. 

1825. Purxinsn, Neue Beitrdge zur Kenntnis des Sehens. Berlin. S. 139-146. 173.* 
Brewster, Edinb. Journal of Science. XIV. p. 322. (Concerning Arry’s eye). 

1842. Nuixpt, De dioptricis oculi coloribus ejusque Polyopia. Dissert. Berolini.* 

1845. Gufrarp, Institut. No. 581. p. 64. 

1846. Vorikmann, Article: ““Sehen,” in R. Wacners Handwérterbuch fiir Physiologie. 

1847. Cuauuis in Philos. Magazine. (3) XXX. p. 366; Trans. Cambridge Phil. Soc. II. 

1848. H. Meyer in HENLE u. Preurrer, Zft. fiir rat. Med. V. 368. 

He1neEkeEn, Philos. Magazine. (3) XXXII. p. 318. 
HamiuTon in Frorinps Notizen. VII. 219. 
Scunyprer, Verhandl. d. schweizer. naturf. Gesellsch. 1848. p. 15. 

1849. Wazumark, Ofvers af Akad. ‘férhandlingar. 1849. p. 41; Pocgcenporrrs Ann. 
LXXXII. 129. 

1850. CranmoreE in Philos. Mag. (3) XXXVI. p. 485. 

Bavuprimont, Comptes rend. del’ Acad. d. sc. XX XIII. 496; Institut. No. 931; Philos. 
Mag. (4) II. 575. 

1851. Brrr, Poccenporrrs Ann. LXXXIV. S. 518. 

A. Fick, De errore optico quodam asymmetria bulbi oculi affecto. Marburg. Summary 
in HENLE u. Prevurrer, Zft. fiir rat. Med. Neue Folge. II S. 83. 

1852. *Firepner, Beobachtungen tiber Zerstreuungsbilder im Auge, sowie tiber die Theorie 
des Sehens. Poccenporrrs Ann. LXXXV. 321.* 460.* LX XXVI. 336*; Moreno, 
Cosmos. I. 333. 

1852. Trovurssart, Comptes rend. d. Acad. d. sc. XXXV. p. 134-136. 398; Archive de 
Genéve. XX. 305; Institut. 1852. p. 304. 
Srettwace von Carton, Wiener Sitzungsber. VIII. 82; Denkschr. d. k. k. Akad. 
V. 2. S. 172; Zeitschrift d. Arzte zu Wien. 1853. Heft 10 u. 11; Fecaners Zentral- 
blatt. 1854. 281-292. 

1853. Meyer (of Leipzig), Pogaenporrrs Ann. LXXXIX. 429. 

1854. <A. Fick in HENLE u. Preurrer, Zft. N. Folge. V. 277. 
Gut, Uber Diplopia monophthalmica. Dissert. Ziirich. 


Supplement 


Since the publication of the preceding section, these particular 
forms of aberration have been investigated more from the medical 
standpoint, especially by Donprrs and Knapp. The convenient 
term astigmatism (derived from the Greek oriyua, a mark, and a 
privative, meaning ‘‘without focus’) has been suggested by WuEw- 
ELL to describe these defects. He makes a distinction between 
regular and irregular astigmatism. The former includes those phenom- 
ena described above under No. 5, and in the remainder of the section, 
due to the fact that the curvatures of the refracting surfaces of the 
eye, especially of the anterior surface of the cornea, are different in 
different meridians. On the other hand, irregular astigmatism, as 
manifested in the phenomena of polyopia monocularis, includes those 
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effects that are produced as the result of the fact that even when the 
rays all lie in a single meridian plane they do not come to an exact 
focus. 

Apart from those cases in which there are conical protuberances, 
ulcers, and similar injuries on the surface of the cornea, irregular astig- 
matism is usually traceable to the crystalline lens, as explained above. 
The best evidence of this is the fact that eyes without the crystalline 
lens exhibit no symptoms whatever of polyopia, whereas the mani- 
festations of regular astigmatism, especially the linear or oval form of 
the blur circle, are much more regular and pronounced in such eyes 
than in normal eyes. 

The separate effects due to single sectors of the crystalline lens 
were carefully investigated by Donprrs, by moving about in front 
of the eye a small perforated screen so as to let the light go sometimes 
through one sector of the lens and sometimes through another. His 
results showed, first, that while each sector of the lens converged the 
rays approximately to a focus, the focus is not the same for different 
sectors. And, moreover, the focusing is not quite accurate even for a 
single sector, the rays near the axis having apparently a longer focal 
length than those traversing the peripheral parts of the lens. Con- 
sequently, in the blur circle due to a single sector of the lens the rays 
traversing the peripheral portion are more concentrated before ar- 
riving at the narrowest section of the bundle, and the central rays are 
more crowded together beyond this place. 

Nearly all human eyes exhibit at least some slight degree of regular 
astigmatism, which may be measured in a manner similar to that used 
for determining the amplitude of accommodation. As already ex- 
plained, in astigmatic eyes the distances of distinct vision are different 
for lines lying in different azimuths of the field of view (see Fig. 74). 
If the greatest of these distances of distinct vision is denoted by P, 
and if, for the same state of accommodation, the least distance is 
denoted by p, the astigmatism is measured by the difference of the 
reciprocals of these lengths, that is, 

1 1 
As= ? cra P o 
As long as the amount of astigmatism (As) is less than 1/40,' there is 
no appreciable impairment of visual acuity, but if it exceeds this 
value, good definition becomes difficult, and cylindrical lenses will 
be of aid to the patient. The focal length of the cylindrical surface 
should be equal to the quantity As, and the lens may be either convex 
1 |The distances are supposed here to be measured in inches. The limiting value of 


the so-called “physiological astigmatism,” as given in the text, is equivalent to one dioptry. 
(J. P. C.8.) 
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with the axis of the cylinder parallel to the line that is in focus at the 
distance P, or concave with the axis of the cylinder perpendicular to 
that line. The other surface of the lens may be ground spherical 
(spherocylindrical lens) so as to correct at the same time any ame- 
tropia that may need correction. 

The best way of ascertaining easily whether there is any astigmat- 
ism, the amount of it, and the meridians of greatest and least re- 
fraction, is by means of a set of cylindrical lenses. Sroxes has 
proposed the use of an astigmatic lens of variable degree of astigmatism 
composed of two equal cylindrical lenses in contact. Placed with their 
cylindrical axes at right angles, the combination is not astigmatic 
but equivalent to an ordinary spherical lens; but by rotating one of 
the lenses relatively to the other, the cylindrical axes can be inclined 
to each other at various angles, so as to increase the amount of 
astigmatism to its maximum value when the cylindrical axes are par- 
allel. 

E. Java has devised a convenient apparatus, made by Messrs. 
Nacuet of Paris, for quick measurement of astigmatism. Two charts 
each consisting of 24 radial lines are observed through a pair of con- 
vex lenses with their optical axes parallel. The charts are adjusted 
at such a distance that at first only one of the lines can be seen dis- 
tinetly; and then cylindrical lenses, either single or combined in pairs, 
and set in circular mountings capable of being rotated, are inserted 
and adjusted until all the lines in both figures stand out clearly. 
The cylinders can be rotated around the optical axis so as to bring the 
cylindrical axes in the right azimuths for most distinct vision for each 
eye. 

Corneal measurements of astigmatic eyes made by DonprErRs 
and Knapp show that almost invariably regular astigmatism is a 
case of corneal astigmatism, and that the higher degrees of corneal 
astigmatism are frequently masked to a slight extent by an opposite 
astigmatism of the crystalline lens. 

The azimuth in which the distance of distinct vision is greatest 
is, as a rule, nearer the vertical meridian than the horizontal, as, 
for example, in the cases of both A. Fick and the writer, as above 
stated; but the contrary condition is also not uncommon, as illus- 
trated by Youne’s vision in this respect. 
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§15. Entoptical Phenomena 


Under suitable conditions light falling on the eye may render 
visible certain objects within the eye itself. These perceptions are 
called entoptical. Ordinarily the small opaque particles suspended 
in the vitreous or aqueous humors or in the crystalline lens do not 
cast any visible shadows on the retina and are therefore not noticed. 
This is because the intensity of the light entering the pupil is generally 
uniformly distributed over every part of it, and therefore, so far as the 
illumination of the posterior chamber of the eye is concerned, the 
entire pupil acts like a luminous surface. But when a source of light 
is a broad surface, no perceptible shadows are produced unless the 
opaque object is large or else is very near the screen. Now there are 
certainly some objects in the eye, particularly the blood vessels of the 
retina, which fulfil the latter condition by being very close to the 
sensitive membrane behind them, and which are therefore, in posi- 
tion to cast shadows on the retina. But the areas of the retina lying 
behind the blood vessels are always thus shaded, so that this is their 
normal condition, and it is only under special circumstances, to be 
discussed later, that these shadows become visible. 

But at present suppose we consider the tiny, opaque bodies in 
the transparent ocular media. In order to perceive them, it is neces- 
sary to use light from a very small source held close in front of the 
eye. This source may be the real image of a distant lamp produced by a 
small convex lens, or the virtual image of the sun or of a flame in a 
highly polished small metal ball, or the customary small illuminated 
opening in an opaque screen. The best arrangement is to use a con- 

vex lens of large aperture and 

@ 1.0 — short focus, mounted as shown at 
» a in Fig. 77, whereby a reduced 
“image of a flame b at some dis- 
tance in front of it is focused on a 

small opening in the opaque 
screen c. This results in a wide 

cone of rays emerging from the 
opening. The eye at 0, very close 

to the opening, looks through it at the broad, uniformly illuminated 
aperture of the lens, where the objects that are entoptically perceived 
will appear now with great clearness. If, as in Fig. 78, the luminous 
point a lies between the eye and its anterior focal point f, the image 
of it in the optical system of the eye will be virtual and situated at 
a point a in front of a, so that the rays reaching the retina seem to 
diverge from a. A small opaque object b that happens to be in the 


Fig. 77. 
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vitreous humor will then cast on the retina a shadow 8, which will 
be larger than the obstacle 
itself. If the point a co- 
incides with the first focal 
point of the eye, the rays in 


the vitreous humor will be ne 
parallel, as shown in Fig. 79, 
and then the shadow £ will Fig. 78 


be of the same size as the 
obstacle b; whereas if the foeal point f is between the eye and the 
luminous point a, as in Fig. 80, the image a will lie beyond the retina, 
the rays in the vitreous humor being, 
therefore, convergent, and in this case 
the shadow will be smaller than the 


obstacle. Consequently, these entoptical «@ saad ; g B 
appearances are magnified in size, the 
nearer the eye is to the luminous point; 
and vice versa. 
Fig 79. 


The area of the retina that is illu- 
minated in these experiments is really the blur circle of the luminous 
point, and it is within this area that the shadows are cast of the opaque 
particles. While these shadows are sufficiently distinct to enable us to 
get some idea of the form of the obstacle, they are always somewhat 


Fig. 80. 


blurred. This is because the source of light is not strictly a point but 
has a more or less appreciable area, and it is the image of this area as 
produced by the optical system of the eye that acts here as the source 
so far as the shadow on the retina is concerned, and naturally this 
image will always have a certain extent. Now any shadow depending 
on a source of light that is not a mere point will have a penumbra where 
the illumination of the shadow gradually merges into the general bright 
illumination of the environment. Consequently, the distinctness of the 
perception of an entoptical phenomenon will be greater in proportion 
as the illuminated aperture is smaller, and also in proportion as the 
little opaque obstacle that casts the shadow is closer to the retina. 
However, of course, a small aperture inyolves a correspondingly more 
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intense light for its illumination. And, besides, with a very narrow 
aperture another phenomenon has to be taken into account that affects 
the sharpness of delineation of the shadow, namely, the diffraction 
fringes due to diffraction around the edges of the obstacle consisting 
of bright and dark bands that appear on the contours of all shadows 
produced by an extremely small, intense source of light. With ordinary 
sources of light of larger size these diffraction fringes vanish in the 
penumbra. 

When the position either of the eye or of the luminous point is 
varied, the shadows of opaque particles at different distances from the 
retina will be shifted differently, forming new configurations. This 
effect can be employed, as Listrne showed,. to determine the ap- 
proximate position of a particle within the eye. The entoptical field 
of view is circumscribed by the round shadow of the iris. As various 
points of this are observed one after the other, the shadows of all the 
opaque particles that do not lie in the pupillary plane will be shifted 
with respect to the contour of the field. This motion of the shadows in 
the entoptical field is what Listine called the relative entoptical 
parallax. He counts this parallax as positive when the movement of 
the shadow isin the same sense as that of the point of fixation, and 
negative when it is in the contrary sense.! Accordingly, for objects in 
the pupillary plane, the parallax is zero; for objects beyond the pupil, 
it is positive; and for objects in front of the pupil, it is negative. For 
objects which are very close to the retina, the movement of the shadow 
is almost the same as that of the fixation point, so that the shadow 
seems to follow the fixation point unless the opaque particle is itself 
actually in motion in the fluid vitreous humor. The shadow on the 
retina is, of course, on the same side of the eye as the opaque particle; 
but since an image on the retina is projected in the field of view on 
the opposite side of the optical axis of the eye, objects that are per- 
ceived entoptically always appear to be inverted. 

Entoptical phenomena are as follows: 

1. The illuminated field is bounded by the shadow of the iris, 
and is therefore almost round corresponding to the form of the pupil. 
If there are notches, creases or salients in the edge of the pupil, as is 
often the case, they will all be duplicated in the entoptical image. 
Even the dilatation and contraction of the pupil can be observed 
entoptically, most easily when the other eye is alternately covered and 
uncovered with the hand. This causes the pupils of both eyes to dilate 
and contract in unison, which can be easily seen in the similar varia- 
tion of the size of the entoptical image. 


1 {That is, positive or negative according as the movement of the eye is “with” or 
“against” the shadow movement, respectively. (J. P. C. S.) 
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2. There are usually visible in the entoptical field stripes, cloud- 
like or more luminous places, and circular areas resembling drops of 
liquid with bright nuclei, which come and go and move about as the 
eye is opened and shut. These are due to the moisture secreted by the 
tear-glands and spread over the surface of the cornea by winking the 
eyelid. These appearances are depicted in Fig. 81. The spots usually 
run together, and have an independent downward motion. The stripes 
are most pronounced near the edge of the eyelid when the lid arrives 
in front of the pupil, and are due to the thin concave film of moisture 
stretched from the cornea to the edge of the eyelid. The droplets are 
probably drawn together by capillary action about particles of dust, 
mucus, etc. The bright spot in the middle of each droplet seems to be 
an imperfect optical image of the source of light; for example, if the 
light comes through a triangular opening, the bright spot is triangular. 


Fig. 81. Fig. 82. Fig. 83. 


This image appears erect in the entoptical field, while it must be in- 
verted on the retina. The accumulations of liquid on the cornea thus 
act as small convex lenses, beyond each of which is formed an inverted 
image of whatever objects lie before it. The fact that these images 
move downward across the field is evidently due to the actual settling 
of the viscous masses of mucus which the opening eyelid has just 
dragged upwards with it. 

3. The irregularities on the anterior surface of the cornea after 
pressing or rubbing the closed eye for a time with the fingers. FB or 
from a quarter of an hour to an hour afterwards there appears an in- 
distinct array of wavy or reticulated lines and scattered spots, as 
shown in Fig. 82. Certain areas, however, may sometimes remain 
unchanged, thus indicating that the cornea is not quite the same here 
as elsewhere. 

In some cases there are special dark spots and lines, also originating 
in the cornea, which seem to be permanent and are nearly always the 
result of some previous inflammation or injury. 
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4. Various entoptical phenomena originate in the anterior wall 
of the lens-sac or capsule, or in the anterior portion of the substance 
of the lens. Four of these are described by List1na, as follows: 

(a) Pearl specks, more or less round discs, bright in the centre, 
with clear-cut dark borders. They look sometimes like little air- 
bubbles or drops of oil or microscopic crystals (Fig. 83). LisTine 
believes them to be small particles of mucus in the liquor Morgagnii. 

(b) Dark specks, distinguished from the foregoing by the absence 
of a bright nucleus and also by their greater diversity of form. They 
seem to be due to local opacity of the lens or lens capsule (Fig. 84.) 

(c) Bright patches, usually having a few radiating arms like an 
irregular star, and located near the middle of the field (Fig. 85). 
Listine regards these as the images of umbilicate structures with 
ridge-like branches or seams in the anterior capsule membrane, 
probably dating from the pre-natal separation of this membrane from 
the inner surface of the cornea. 


Fig. 84. Fig. 85. Fig. 86. 

(d) Dark radiating lines (Fig. 86), which may be regarded as 
evidence of radial structure of the lens. 

Practically all eyes exhibit one or more of these phenomena; 
rarely is one found that does not. 

5. Moving objects in the vitreous humor, commonly called “flying 
gnats’ (mouches volantes or muscae volitantes). Sometimes these look 
like strings of pearls or groups of circles with bright nuclei, or irregular 
masses of minute globules, or faint lines like creases in a transparent 
membrane. Many of them are close enough to the retina to be visible 
without any special arrangement, by merely looking at some broad 
uniformly illuminated background like the bright sky. That these 
motions are real and not simply apparent is easily proved by holding 
the head erect and looking towards the sky through a window pane, 
at the same time noting some fixed mark on the glass; then, as a rule, 
the entoptical appearances will be seen to move slowly downwards, 
across the field of view. If the observer glances downwards, and then 
quickly up again, the floating spots follow the movement of the fixa- 
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tion point, but they are usually thrown a little higher than this point 
and then begin to settle down again. But for a simple downward or 
lateral movement of the eye, the case is different, and the object does 
not seem to waver over the point of fixation. Moreover, in looking 
vertically up or down, these peculiar effects are fairly stationary. 
In making such observations there is a strong temptation to try to 
look at one of these ‘gnats’ that is near the point of fixation so as to 
see it better; which makes it seem to fly away without ever being 
overtaken. This curious effect is probably the explanation of the 
name mouches volantes. This apparent motion is not to be confused 
with a real motion, and in order to investigate the latter, it is necessary 
to have a steadfast external point of fixation. The best way to com- 
pare a movable object of this kind with something which is at rest is 
to select a position for the head such that it is possible for the eye to 
look vertically either upwards or downwards with comfort, because 
in this case the apparent movements of the floating particles cease 
almost entirely, and the real movements can be watched. Any one 
of the little objects that is out to one side in the field of view can be 
brought to the place where it can be seen most distinctly by simply 
turning the eye suddenly towards it, and then bringing it slowly back 
again. 

The various forms of these objects are classified by DonprERs 
and Doncawn' as follows: 

(a) Rather large, isolated circles, with bright centres and darker 
or paler borders, usually surrounded also by a small halo of light. 
They vary from 1/28 to 1/120 mm in diameter and are usually found 
from 1/3 to 3 or 4 mm in front of the retina, though they sometimes 
-occur much nearer the lens. When the eye has been in repose a long 
time, there are only a few of these appearances. They become par- 
ticularly manifest, apparently from below, on a quick upward move- 
ment of the eye, coming to a sudden standstill and then sinking slowly 
back again. The movements of the darkest of them may be followed 
directly for a distance of 1.5 mm, and probably extend much farther. 
Doncan found the lateral movement of these spots, produced by a 
sidewise movement of the eye, to be much less; but the writer has not 
been able to observe any such difference. By putting his head on one 
side, he can make these spots appear to sink just as readily and as 
far towards the floor as with the head upright; their actual motions 
being, of course, upwards towards the highest corner of the eye. 
In the upright position the lateral movements of the spots is certainly 
not so great as the vertical, because laterally they participate simply 


1 AnprEAS Doncan, Dissert. de corporis vitrei struct. Trajecti ad Rhenum 1854— 
Onderzoekingen gedaan in het physiologisch Laborat. der Utrechsche Hoogeschool. Jaar Vi. 171. 
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in the movements of the point of fixation. There is no conclusive 
evidence of any movement parallel to the visual axis. In many cases 
groups of such spots, apparently distinct from each other, are observed 
to be moving along together and maintaining the same distance apart, 
as if there were some invisible connection between them. By mi- 
croscopic examination of carefully prepared specimens of the vitreous 
humor, Doncan found that these aggregations correspond to pale 
cells in this substance not far from the surface that are apparently 
in process of transformation into mucus 
(see Fig. 87). 

(b) ‘Strings of pearls’ are observed 
in most eyes; but Doncan could not 
see them. They are from 1/33 to 1/190 mm 
in width and from 1 to 4 mm long. The 
smallest of them are usually found closer 
to the retina, while the wider and darker 
ones are farther away, from 1/4 to 3 mm 
from the retina. Their mode of motion is 

x generally the same as that of the circles 
_— described above, but sometimes they are 
ae ‘ stationary also. Some of them are isolated 
é “.4 and others are connected with other ap- 
Pes pearances. They evidently correspond to 
f certain granulated filaments which the 
Fig. 88. microscope reveals in the vitreous humor 

(Fig. 88). 

(c) The clusters of circles of various sizes, part pale and part dark, 
which are seen in the microscope as granular aggregations (Fig. 89) and 
are usually more opaque than the other types, because several particles 
lie along the line of sight. It is these clusters that most frequently 
yes produce the effect 
of mouches vo- 
lantes in ordinary 
vision. It is not 
unusual for some 
of them to appear 
to be suspended 
in equilibrium 
near the visual 
axis; but on moving the eye, they behave after the manner of the 
“strings of pearls,” appearing and passing out of view in the same way, 
only in greater numbers. 


(d) Folds or wrinkles, appearing as bright streaks bounded by 


Fig. 89. Fig. 90. 
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rather indistinct dark lines. Doncan distinguishes two kinds of these 
also, namely: very crooked threads or separate, slender bands, very 
close together and connected in some invisible way; and an irregularly 
curled membrane crumpled in the most diverse fashion, of permanent 
shape, and appearing under the microscope as shown in Fig. 90. These 
also move like the “string of pearls” and are not more than from 2.5 to 
4mm in front of the retina. Another variety consists of very extended 
membranes which are either a very little way beyond the lens or from 
2 to 4mm in front of the retina, none being found between 4 and 10 mm 
from the retina. The folds in the former type of membrane are as 
broad as 1/23 mm; those in the latter are seldom broader than 1/60 mm. 
They appear when the visual axis is moved to one side, but 
especially also in case of a swift sudden downward movement. In the 
latter case, those lying close to the lens apparently move upwards, 
whereas those near the retina drop downwards, so that they are seen 
passing each other as they cross the visual axis. Then these wrinkled 
membranes get more and more indistinct, without, however, passing 
out of the field of view; until, perhaps, on repeating the movement, 
they come plainly into view again. Doncan concludes that these 
membranes do not actually move as they appear to do, but that what 
is observed is the propagation of the wrinkles which, being formed at 
the periphery when the movement of the eye is suddenly terminated, 
extend to the other side of the membrane, where they lose their in- 
dividuality and are less perceptible. The explanation of the opposite 
movements of the membrane and the wrinkles in it is that they are on 
opposite sides of the centre of rotation of the eye. When the pupil is 
dilated by atropin, or if the luminous source is held very near the eye, 
so that the field of view is quite wide, it will be found, particularly 
with abrupt and vigourous lateral movements of the eye, that other 
membranes besides will be revealed in the region immediately beyond 
the lens, which usually do not extend as far inwards as the visual axis, 
and which terminate here in an irregular or torn edge. 

The nature of the movements of the objects suspended in the 
vitreous humor leaves little room for doubt that they are small bodies 
of less specific gravity than the perfectly fluid medium in which they 
are floating. Since they are often to be seen traversing the whole 
entoptical field of view, not only horizontally but vertically as well, 
so far at least as the writer’s own experience goes, and since with 
divergent incident light this field is larger than that determined by 
the pupil, it appears that the region in which they are floating is 
certainly of larger lateral dimensions than the pupil itself. But the 
drifting particles seem unable to move in a direction away from the 
retina; for even when the visual axis is pointed vertically upwards, 


212 Dioptrics of the Eye (182. 


these same objects, which on account of their specific lightness might 
be expected to rise to the top of the vitreous humor next the lens, are 
seen to be in motion across the retina, but do not appear to recede 
from it. Perhaps, the obstacle may be the membranes whose folds are 
visible in the entoptical field, and which seem to be parallel to the 
retina. Some particles of this kind appear also to be attached to the 
hyaloid membrane. Donprrs reports having discovered one in 
his left eye that was in equilibrium on the visual axis. It may have had 
a tendency to descend (that is, apparently ascend) from this posi- 
tion, but could not really do so, as if it were tethered to the hyaloid 
membrane from below by a filament of some kind. 

By taking heed of these entoptical phenomena one may learn to 
recognize individually those peculiar to his own eyes, and he will see 
then that the same succession of appearances is continually reproduced, 
and that, according to Donprrs’ observations, they remain un- 
altered for years. Microscopic examination indicates that they are 
in the nature of debris from the embryonic structure of the vitreous 
humor. In the embryo, the humor is contained in cells, which are sub- 
sequently nearly all transformed into mucus; but some parts of the 
cell walls and nuclei, or the filaments into which they are resolved, 
still remain. Just what residue from the structure of the vitreous 
humor is left in the adult is not quite certain. 

We come now to the perception of the blood vessels of the retina. 
These require somewhat different methods of observation from those 
employed for the perception of the entoptical objects so far described. 
What is common to both methods is that the position or width of the 
shadow of the blood vessels on the rear surface of the retina is some- 
thing out of the ordinary, and moreover the shadow is kept in con- 
tinual motion. The three principal methods of observing the blood 
vessels are as follows: 


1. With a convex lens of short focus an intense beam of light 
(preferably sunlight) is concentrated’ on a point of the external surface 
of the sclerotica, as far as possible from the cornea, so as to form a 
small but exceedingly bright image of the source on the sclerotica.* 
Now when the eye looks at a dark background, the latter will appear 
illuminated with a reddish yellow glow, and against this will be seen 
the dark retinal blood vessels ramifying in various directions like the 
branches of a tree. Fig. 91 shows these blood vessels as they appear 
after the injection of a suitable stain. As the focus of the lens is 
moved to and fro over the sclerotica, the branched figure accompanies 


' The best way to make this experiment nowadays is with the illumination lamps that 
have been introduced in the practice of ophthalmology. G. 
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the motion proceeding always ‘“‘with” the illumination. By such move- 
ments the vascular ‘‘tree” is more clearly visible than with the light 
kept stationary on one spot; in which case, indeed, it gradually dis- 
appears altogether. However, 
movement of the appearances 
is not so essential in this as in 
other methods of observation. 
It might be noted that the 
smaller the bright spot on the 
sclerotica, the more sharply 
defined will be also the smaller 
branches of the vascular figure, 
so that by a suitable adjust- 
ment it is possible to make out 
even the most minute capil- 
laries. In the centre of the 
field, corresponding to the 
point of fixation, there is a Fig. 91. 

place devoid of all blood 

vessels. The capillaries form a ring of elongated meshes around this 
area. Both H. Mtiurr and the writer have noticed the peculiar ap- 
pearance of this spot, quite different from the rest of the fundus of the 
eye. While the latter is uniformly illuminated (except for the dark, 
vascular figure), the place of direct vision has more lustre and looks 
something like shagreened leather. Another thing to be noticed in 
observing this spot is that when the eye is fixed on some external ob- 
ject, and at the same time the focus of the lens is shifted upwards 
over the sclerotica, the vascular figure likewise moves upwards, as 
already stated; but the shagreen lustre has a slight downward dis- 
placement towards the point of fixation of the eye. Mrtssnrr likewise 
observed by this same method that this place was brighter, and he 
mentioned a dark crescent-shaped shadow on the edge of it, such as is 
seen by the second method of observation. But the writer has not 
been able to see this with light incident through the sclerotica. 

In this experiment the light enters the eye through the sclerotica 
and choroid. The former is translucent; the latter is covered with 
black pigment, but not so heavily in the back part of the eye as to 
absorb all the light falling on it. In front, where the eye is lined 
with the cilary processes, the pigment is more dense, so that when the 
bright focus of the lens falls on the anterior portion of the sclerotica near 
the cornea, the retina gets only a relatively feeble illumination. This 
illuminated place on the eyeball constitutes the source of light, so far 
as the interior of the eye is concerned; for the sclerotica, being only 
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translucent, does not produce regular refraction, so that the trans- 
mitted rays are scattered from the place of illumination more or less 
uniformly in all directions. Whereas in ordinary vision the light that 
reaches the retina all comes through the pupil, in these experiments it 
comes from a point on one side, and thus the shadows of the blood 
vessels in the anterior layers of the retina fall on parts of the sensitive 
membrane behind it that are altogether different from the places where 
they usually are. 
That the vascular figure must have an apparent motion in the same 
sense as the focus of the lens can be seen from Fig. 92. Suppose that v 
indicates the cross section of one of the blood 
vessels, and that k designates the position of the 
nodal point of the eye. When the focus of the 
incident light is at a on the sclerotica, the shadow 
of the blood vessel falls at a, and is therefore pro- 
jected by the eye in the direction aA as a dark 
line in the field of view. If the focus is at 6, the 
shadow falls at 6 and the dark line appears on 
3 the field at B. That is, as the bright focus moves 
from a to b, the figure of the blood vessel appar- 
ently shifts in the field of view from A to B, so 
that the movement is “with” the movement of the 
source. The shagreened area around the centre 
of direct vision exhibits the opposite kind of motion, 
and hence it is certainly not produced in the 
same way as the motion of the shadows of the blood vessels; but the 
structure of the yellow spot is not yet well enough understood to 
enable us to interpret the reason of this phenomenon. As viewed 
against the dark background, the vascular tree appears to encroach 
upon the boundary of the shagreened area somewhat on the side 
opposite the source of light; above and below it merely touches it; and 
on the side towards the light there is an interval between them. The 
appearance is as if the light came from one corner of the eye. This 
would indicate that the ramifications of the blood vessels are more 
towards the front than the layer that by refraction or reflection of the 
light is responsible for the shagreened appearance of the central spot; 
and hence when the light is incident obliquely, the shadows of the 
blood vessels on the rear surface of the retina are not perpendicularly 
under the vessels. Consequently, that structure which produces the 
shagreened appearance seems to have almost exactly the same extent 
as the place in the retina where there are no blood vessels. 
2. The second method of observing the vascular system of the 
retina is as follows: The observer looks at a dark background and at 


BA 


Fig. 92. 
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the same time moves a brilliant light to and fro a little below or to 
one side of the eye. Under these circumstances the back-ground 
presently appears suffused with a pale grey glow, against which may be 
seen the dark outlines of the vascular figure. It remains visible only 
so long as the light is kept moving. When the light is moved from 
right to left, the vertical branches are most distinctly seen; and when 
it is moved up and down, the horizontal ones are more prominent. 
As the light moves, the whole vascular figure moves also, but not 
uniformly in all its parts. Mrissner very aptly compares its motion 
with that of an image reflected from the surface of water which is 
agitated by ripples. Closer examination shows that as the light altern- 
ately approaches and recedes from the visual axis, the motion of the 
vascular figure against the background proceeds in the same sense 
(“with the light’’); but if the light describes an are about a point on 
the visual axis, the motion of the figure occurs in the opposite sense 
(“against the light’). Thus, for example, when the light is held below 
the eye and moved vertically upwards and downwards, the vascular 
tree is seen to move likewise upwards and downwards with the light; 
but if it is moved horizontally from right to left, the figure moves at 
the same time from left to right, and vice versa. The more central 
branches of the vascular tree do not appear as distinctly outlined in 
this method as in the other two. 

In the centre of the field, corresponding to the point of fixation, is 
what several observers describe as a 
bright circular or elliptical disc, a draw- 
ing of which as made by Burow is 
reproduced in Fig. 93. It is brightest 
in the middle, while on the edge next 
the source of light there is a dark, cres- 
cent-shaped shadow. H. MULueEr is un- 
able to see this dise at all, and all that 
the writer can see is the crescent-shaped 
shadow on the side of the contour next 
the light, without any distinct boundary 
on the opposite side. This central disc 
also moves when the light is moved, as Fig. 93 
may be easily verified by fixing the eye 
on some external point while the experiment is in progress. In the 
writer’s own case the point of fixation always lies on the edge next the 
light, supposing the crescent-shaped outline is rounded out into a 
complete bright disc. 

The entire theory of these phenomena has been worked out by 
H. Mier, and is as follows: The illumination for the interior of the 


216 Dioptrics of the Eye (185, 186. 


eye in this experiment comes from the bright retinal image of the flame, 
which is far around on one side of the retina, since the lamp is held at 
some distance from the centre of the field of view. Being also very near 
the eye, the lamp forms a fairly large image on the retina, and the 
amount of light thus diffusely reflected into the vitreous humor is 
sufficient to stimulate a visual sensation over the entire retina. This 
mode of illumination, therefore, is similar to that of the first method, 
but differs from it in the fact that the luminous spot on the eye-wall 
gets its light directly from in front through the pupil instead of from 
outside through the sclerotica. Images formed on the peripheral 
parts of the retina do not make very distinct impressions, and in order 
to give sufficient light, the image used here must be fairly large. This 
is the reason why the shadows of the finer blood vessels are not so clear- 
cut in this as in the preceding method. The mode of motion of the 
vascular figure is completely explained by Mt.imr’s theory. In 
Fig. 94 the points designated by k and v represent the positions of the 


CaP 
Fig. 95. 


nodal point of the eye and one of the blood vessels on the retina, re- 
spectively. When the source of light is at a, its retinal image falls at b; 
and the light reflected from 6 casts a shadow at c of the blood-vessel v. 
This shadow will be visible in the field of view along the prolongation 
kd of the straight line connecting the points k and c. Now if the light 
is moved from a to a, the points b, c and d take the new positions 8, y, 
and 6, respectively; and hence d is seen to move in the same sense as a. 
But if ais moved at right angles to the plane of the diagram, the reverse 
happens. When a lies in front of this plane, b lies behind it, ¢ in front 
of it, and d behind it. Thus when a is moved out from the plane of 
the diagram, d moves the other way, in exact accord with the observa- 
tions. 

MULLER gives a reasonable explanation of the appearance of the 
bright central disc with the crescent shadow as being the shadow of 
the macula lutea. Suppose the macula lutea is at ¢ in Fig. 95, with the 
fovea centralis at the bottom of it. The point b on the retina is illu- 
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minated by the light at a, and the shadow of the elevated edge of the 
little concavity on the side towards 6 will fall right in the fovea. The 
shadow of the whole area as it actually lies on the retina itself will be 
turned away from the point of fixation and towards the light, and will 
appear therefore as projected in the field of view away from the 
light, in agreement with the results of observation. The writer has 
noticed that when the source of light a is brought nearer the visual axis 
so that the point 6 is closer to the fovea c, the crescent shadow appears 
to have a bright outer margin. This is doubtless due to light which 
has been reflected to the external surface of the macula lutea from 
behind the retina, as indicated by the dotted line a@y in Fig. 95. In 
cases where the macula lutea has less steep sides, no such shadow is 
visible at all. 

3. The third method of observing the retinal blood vessels 
consists in looking through a narrow aperture at a bright background, 
like the sky, at the same time moving the aperture rapidly to and fro 
in front of the pupil. The blood vessels are seen very sharply deline- 
ated as dark lines on a bright background, and appear to move in the 
field of view in the same sense as the aperture moves. In the centre, 
corresponding to the point of fixation, the non-vascular area is visible, 
which, so far as the writer is concerned, has a finely granulated ap- 
pearance and seems to be traversed by a round shadow as the aperture 
is moved to and fro. With horizontal movements of the aperture, we 
see the blood vessels that run vertically; and vice versa. The same 
vascular figure may be seen also by looking through a compound 
microscope with nothing upon the stage, the background being the 
uniformly bright circular aperture of the diaphragm. When the eye is 
moved to and fro a little at the ocular, the slender retinal blood 
vessels appear sharply delineated in the field, particularly those 
running at right angles to the direction of the motion; whereas the 
others vanish that are parallel to this direction. 

In the first two methods, the light is incident on the retina from 
an unusual direction, and hence also the shadows of the blood vessels 
fall upon parts of the retina that are not shaded in normal vision. 
The shadows therefore constitute an unaccustomed stimulus. On the 
contrary, in the third method just described the light enters the eye 
through the pupil in the ordinary way. If the pupil is perfectly free, 
and the eye is turned towards the bright sky, every point of the 
pupillary plane may be considered as a source of light sending rays in 
all directions to the fundus of the eye, just as if the pupil itself were a 
luminous surface. The result is that the blood vessels of the retina 
project broad hazy shadows on the parts of the retina immediately 
behind them, the length of the umbra being only about four or five 
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times the diameter of the blood vessel. According to E. H. Wesmr, 
the diameter of the thickest branch of the vena centralis is 0.038 mm ; 
and KéLLIKER estimates the thickness of the retina at the back of the 
eye as 0.22 mm. Hence it may be assumed that the umbra of the 
vascular shadow does not reach the posterior surface of the retina.at all. 
But when the light enters the eye through a narrow aperture in front 
of the pupil, the shadow of the blood vessel is necessarily smaller and 
more sharply defined, and since the umbra is longer, parts of the retina 
that were formerly partially shaded are now completely shaded, while 
other adjacent parts are not shaded at all. 

The reason why we do not perceive the shadow of the vascular 
system under ordinary visual conditions is because the regions covered 
by the shadow, being accustomed to the darkness, are less fatigued 
than the rest of the retina. But as soon as the position or extent of 
the shadow varies, it falls on fatigued and less sensitive portions, and 
therefore becomes visible as a feeble illumination; and at the same 
time the more sensitive areas that are normally in the shadow are 
exposed to the full light, and therefore more strongly stimulated than 
usual. This is the reason why sometimes, and especially at the outset 
of the experiment, the appearance of the vascular figure may be 
momentarily that of a bright object on a dark background; and, 
indeed, many persons pay more attention to this bright aspect than to 
the dark permanent phase. However, when the shadow in our experi- 
ments has taken its permanent position, the shaded area begins to 
recover its sensitivity, whereas the unusual illumination of the parts 
that are normally in shadow soon fatigues and benumbs them, so 
that the temporary effect mentioned above rapidly dies away. In 
order to make it permanent, the shadow must 
be kept changing from place to place. This is 
done by moving the source to and fro, so that 
we continue to see those blood vessels whose 
shadows are altered thus. These changes of 
the sensitivity of the retina will be studied more 
fully in §25. 

Listine’s parallax method is sufficient to enable 
us to tell whether an object seen entoptically is in 
front of the pupil or beyond it or perhaps near the 
retina. In Fig. 96 suppose that the point marked a 
is the image of the luminous point in the optical sys- 
tem of the eye, and that cis the position of the fovea on 
the retina. Let the straight line fe represent the plane of 
Fig. 96. the pupil or rather of its image in the crystalline lens; 

which, however, is almost the same thing. And, finally, 


let d designate the position of some dark object behind the pupil. The shadow 
of the point g where the straight Ine ac crosses the pupil falls on the retina 
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right at the fovea, and hence the point g corres: ponds to the place in the pupil 
that is seen in direct (foveal) vision in the entoptical field. The shadow of the 
object at d is projected on the retina at the point b where the straight line ad 
meets the retina; and this point b corresponds also to the point h where the 
straight line ad crosses the pupillary plane; that is, d and h are seen at the 
same place in the entoptical field. Moreover, if there is another object 
situated at a point 7 on the straight line ab, but lying in front of the pupil, 
it will appear to be at the same place as the object d. But now suppose that 
either the eye itself or the source of light is displaced, so that some other point 
in the pupillary plane, for example, the point f, is seen entoptically in direct 
vision; then the source will lie somewhere on the straight line cf, say, at the 
point a. Accompanying this movement, the shadows of the objects d and 7 
will shift their apparent ‘positions with respect to the pupil, proceeding from 
h to m and from h to e, respectively, where m and e designate the points 
where the straight lines ad and az cross the plane of the pupil. Thus, in the 
entoptical field, while the place of direct vision has been shifted from g to f, 
the image of the object d behind the pupil has been shifted in the same 
sense from h to m, and that of the object 7 in front of the pupil has been shifted 
in the opposite sense from h to e; in other words, using LisTinG’s mode of 
expression, the parallax of d is positive and that of 7 negative. With a little 
practice, it is always easy to tell whether the entoptical phenomenon in the 
circular field of view is displaced one way or the other (‘‘with” or “against” 
the motion of the light), and so to determine on which side of the pupil the 
object lies. 

Brewster first proposed a method of measuring more accurately the 
position of an object suspended in the vitreous humor. Essentially, it 
depends on using two sources of light and thus obtaining two shadows of the 
same object. Knowing the distance of the shadows from each other, we can 
find then the distance of the object from the retina. BrrwstTErR’s arrange- 
ment for this purpose consisted in looking through a lens in front of the eye 
at two flames which were near together. Donprrs changed the details of 
this method, by causing the eye to look through a pair of apertures in a 
metal plate, 1.5 mm apart, at a brightly illuminated white area on which the 
entoptical phenomena appeared to be projected. Then he got the distance 
between the centres of the two partially overlapping circular images of the 
pupil, which amounts simply to measuring the diameter of the uncovered 
portion of one of these discs; and he measured also the distance between the 
two images of the entoptica! object. These two measured distances are in 
the same ratio to each other as the required distance of the object from the 
retina is to the apparent distance of the pupil from the retina (18 mm); so 
that the distance of the object can be easily computed. 

DonpveErs’ procedure was modified by Doncan merely by making the 
measurements on the principle of the microscope method 4 double vue. One 
eye looks through a tiny aperture or through a pair of them towards a small 
concave mirror illuminated by skylight, while the other eye looks at a card 
placed at the distance of distinct vision. The size of the entoptical object 
and the distance between its two images are measured on this card with a pair 
of dividers, and likewise the distance between corresponding points on the 
edge of the iris. In order to calculate the real size of the entoptical object from 
its apparent size, it is necessary to know also the distance of the peep hole 
from the cornea. It is best to adjust this aperture at the anterior focal point 
of the eye, that is, 12 mm from the cornea, because then the entoptical shadow 
is just the same size as the object itself. The apparent size of the object in the 
field of view as measured by the dividers is in the same ratio to its real size as 
the distance of the card from the eye is to the anterior focal length of the 
eye (15 mm). The aperture can be adjusted approximately in the first focal 
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plane of the eye by attaching the metal plate at the end of a little tube of 
suitable dimensions. 

The apparent extent of the movement of the vascular figure in the field of 
view, as seen by the first of the methods described above, was measured by 
Miupr; the corresponding movement of the luminous focus on the sclerotica 
being measured at the same time with a pair of dividers. Thence the distance 
of the blood vessel, that casts the shadow, from the light-senstitive layer of the 
retina can be found, approximately at any rate, either by geometrical con- 
struction or arithmetical computation. A section of the eye, like that in 
Fig. 92, is drawn in its actual size. Suppose the focus moves to and fro over the 

sclerotica between the points marked a and 6; and 
BA let v designate the position of a blood vessel whose 
shadow falls at a in the vicinity of the yellow spoi 
when the focus is at a, so that the blood vessel » 
whose apparent size is to be measured is on the 
straight line aa. Let a8 represent the real movement 
on the retina which is calculated from the apparent, 
displacement of the blood vessel in the field of view; 
where 8, therefore, designates the position of the 
shadow when the focus is at b. The point » where 
the straight lines aa and 66 intersect must be the 
position of the blood vessel, and its distance from the 
retina can be found by measurement or by calcula- 
tion. Thus, in several experiments, MULuEr found 
for the distances of the blood vessels from the sensi- 
tive layer of the retina the following values (given in 
mm): 0.17; from 0.19 to 0.21; 0.22; from 0.25 to 
0.29; and from 0.29 to 0.32. With three other ob- 
servers he got: 0.19;0.26;and 0.6mm. By anato- 
mical measurements be found between 0.2 and 
0.3 mm for the distance of the blood vessels from the layer of rods and cones 
in the region of the yellow spot; which indicates that the cones are the 
elements on which the shadows are cast; as other considerations do also, 
which will be treated in §18. 

A Jesuit named Drcuauss,! who flourished in the seventeenth century, 
was the first to advance a theory as to the origin of the mouches volantes, 
and to attribute them correctly to shadows of little particles suspended in the 
eye in the region of the retina. On the other hand, Prrcarrn? supposed they 
were on the retina itself. Moreacnr thought that they were in all the ocular 
media, but that those more to the front perhaps could not be scen without 
using small sources of ight. pr La Hrre* was likewise mistaken in supposing 
that the permanent “gnats” were confined to the retina, and that the flitting 
ones were in the aqueous humor. An experiment was described by Le Cat® 
which contains in principle the whole method of entoptical investigation, 
and which consisted in erecting a needle close in front of the eye and observing 
its inverted shadow in the blur circle of a small source of light. About this 
same epoch Axpinus’ also observed entoptically the shadow of the iris and the 
contraction and dilatation of the pupil, and gave a correct explanation thereof. 


1 Cursus seu mundus mathematicus. Lugduni 1690. T. III. p. 402. 

? PrrcairNil Opera. Lugd. Bat. p. 203. 206. 

8 Adversaria anatomica VI. Anim. LXXV. p. 94. Lugd. Bat. 1722. 
4 Accidens de la vue. p. 358. 

5 Tratté des sens. Rouen 1740. p. 298. 

® Novt Comment. Petropol. Vol. VII. p. 308. 
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But it was not until 1760! that small apertures and strong lenses began to be 
used for seeing these phenomena distinctly, although even DecHALES was 
not entirely ignorant of this method. 

Long afterwards Listine? and Brewster? developed a more exact theory 
of the entoptical phenomena and methods of locating the particles in the eye; 
and.subsequently Donprrs‘ pursued the same study. Then one of his pupils, 
Doncan,’ established the agreement between the entoptical effects and the 
miscroscopical structure of the vitreous humor; and similar investigations 
were made by Jaco.® In addition to the authars already named, STErrEn- 
SAND,’ Mackenzir® and Appra® described various forms of entoptical objects. 

The subjective appearance of the central blood vessels was discovered 
first by Purxrnsz,!? who showed how to see them by the three methods 
described above. He obtained them also by stimulating the eye by pressure 
and congestion of the blood. The significance of the shadow movement which 
is so important in the theory of these effects was pointed out by Guppern.!! 
With homocentric light emanating from the pupil or with a focus on the 
sclerotica, there was apparently no difficulty about the theory of the pheno- 
menon. But Mrissner” showed that the behaviour was different when the 
light moved inside the eye, which led him to entertain some doubts as to 
previous explanations. These doubts were confirmed by H. Miuuer,™ to 
whom we are indebted for the theory of this method of experiment as givea 
above. Purxinyz had already observed that there is a bright spot in the 
centre of the field of view that looks like a little pit or cavity; and Burow 
described more accurately the appearance of the yellow spot, but inter- 
preted it as looking more like a protuberance than a little depression; which 
was due to the former incorrect theory of the experiment that MU.uer 
perfected. 
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Supplement 


On bright surfaces intermittently illuminated (for example, by 
moving the hand to and fro in front of the eye, with the fingers spread 
out) VieRorpT observed a stream movement which he took for the 
motion of the blood in the retinal vessels; but neither MrissnrR nor 
the writer could verify this phenomenon as having the appearance of 
a current flowing between banks; and therefore the writer ventured to 
doubt ViERorpDT’s explanation of it.. However, he may have been 
able to see it better and more definitely, and in his case it may have 
really been a picture of the flow of blood. 

Besides, PurKINJE and J. Mtuumr, looking at an extended bright 
surface, had seen the appearance of bright points in the field of view 
with a line proceeding from them, which continually reappeared at 
irregular intervals, always following the same path with the same 
fairly great velocity. O. N. Roop has recently observed that this 
phenomenon can be seen very much better by looking at the sky 
through a dark blue glass. The way the writer does it is to look at a 
point in the window-pane so as to see the little moving particles in the 
eye always at the same place, and so to compare their paths with the 
vascular figure projected also on the glass. 

Now after having repeated these observations, the writer is disposed 
to believe that they do depend on a movement of the blood in some 
such way that one of the larger particles gets jammed in one of the 
narrower vessels. In this case the vessel usually gets comparatively 
empty on the far side of a particle of this kind, while great numbers of 
blood corpuscles are congested on the other side. As soon as the ob- 
struction gives way, the whole congregation flows past quickly. This 
procedure is often witnessed in watching the capillary circulation 
through a microscope. In the case of the experiment mentioned above, 
a brighter, more elongated band precedes in the visual field, cor- 
responding to the empty place in the blood vessel beyond the obstruc- 
tion; and following it, there is a darker shadow which, in the writer’s 
opinion, corresponds to the congested corpuscles. 
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In the author’s right eye this phenomenon is very distinct in two 
parallel vessels to the left of the point of fixation; and frequently 
recurs, occasionally in both vessels at the same time. Apparently the 
motion is upwards, and the figure vanishes by wriggling through a 
sinuous curve with considerably increased speed. The interesting 
thing is that in the entoptical image of the vascular figure not only are 
the two parallel vessels found at the place.specified above, but also the 
S-shaped curve at their junction point leading into a larger ramification 
of veins; that is, the two methods of observation agree perfectly. Of 
course, the two blood vessels here mentioned are not the only ones 
which exhibit this movement, and there are numerous other places in 
the same eye; but they are farther from the point of fixation, and the 
appearances are not so characteristic. 

Accordingly, the phenomenon here described should be regarded as 
an optical representation of little obstructions in the circulation of the 
blood, occurring ordinarily only at certain constricted places of the 
vascular tract, and only when a rather larger corpuscle tries to get past. 
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Note by A. Gullstrand 

There are two entoptical phenomena belonging in the domain of 
the dioptrics of the eye that have this in common, namely, that al- 
though no notice was taken of them when they were first discovered, 
attention has again been directed to both of them. 

When a candle flame in an otherwise dark room is brought near the 
visual axis of the passive eye from the temporal side, often a faint spot 
of light is seen to move in the opposite direction. This phenome- 
non was first explained by Brcksrr!; and it has been described 
again by TscHirNnina? who recommends causing a candle flame to 
pass below the visual axis. Different individuals do not see the spot of 
light with equal distinctness. The writer cannot succeed in seeing it 
except under special circumstances; as it is mostly hidden by the 
vascular figure, and he does not know how to produce the conditions 


10. Becker, Uber Wahrnehmung eines Reflexbildes im eigenen Auge. Wiener Med. 


Wochenschrift 1860, 8. 670 and 684. 
2 TscHERNING, Optique physiologique. Paris 1898. p. 43. 


224 Dioptrics of the Eye (192, 193.-G. 


that are conducive to its apparition. Other people see it so distinctly 
that they recognize the inverted image of the flame in it. This phenom- 
enon is akin to what is known as the ‘‘Lichtfleck”’ (flare spot) among 
opticians, due to harmful reflection of light at the refracting surfaces of 
an optical instrument. So far as twofold reflections are concerned, 
there is no refracting surface in the eye that needs to be considered ex- 
cept the anterior surface of the cornea, as this is the only surface where 
there is a sufficient difference between the indices of refraction of the 
adjacent media. Now calculation shows that light which is reflected 
again back into the eye from the anterior surface of the cornea, 
produces an erect image of the flame not far from the retina; which 
consequently appears to be inverted, so that its apparent displace- 
ment must be ‘‘against”’ the motion of the light. The light reflected 
at. the anterior surface of the lens, and then back again at the anterior 
surface of the cornea, forms an image near the posterior surface of 
the lens; which must be projected on the retina in a very large blur 
circle that cannot be differentiated from the diffusely reflected light 
in the ocular media. 

In a dark room most people with dilated pupils discern coloured 
rings around small sources of light which are particularly distinct 
against a dark-background. The rings comprise the colours of the 
spectrum, red being on the outside, and the angular diameter of the 
yellow ring amounting to some 6° or 7°. Artificial light is usually 
deficient in radiations of short wave-lengths; and under such circum- 
stances the spectrum is not apt to be very distinct beyond the blue- 
green. On looking through a small hole, the ring vanishes entirely 
as soon as the hole is centered on the pupil. But when the hole is de- 
centered with respect to the pupil, the instant it reaches the edge of the 
dilated pupil two tiny spectra flash forth. The straight line joining 
them passes through the flame—at right angles to the direction in 
which the hole was moved. Thus, any two parts of the coloured ring 
at opposite ends of a diameter can be produced at will. The disposition 
of the colours in the ring is characteristic of an interference-spectrum, 
and the experiment with the hole shows that the phenomenon is due to 
a radial grating that comes into action only in the vicinity of the edge 
of the pupil. But owing to the ray-formed structure of the lens, the 
fibres of the lens are not exactly radial, and therefore cannot be 
responsible for any exact ring-shaped type. In confirmation of this, it 
may be shown that the ring seems to be composed of several small 
pieces not entirely similar to one another. That the ring is produced 
by a radial grating, may be proved also by interposing in front of it a 
piece of opaque paper with a straight edge. For instance, if the paper 
is inserted from the temporal side with its edge vertical, until only a 
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small segment of the pupil on the nasal side is left: exposed, the two 
sides of the ring are eclipsed, and only the upper and lower parts 
remain. In this case only a portion of the grating contained in the lens 
is left uncovered, and this portion contains horizontal fibres together 
with some that are not quite horizontal. Hence, no parts of the ring 
can be seen except those for which the tangent is parallel to the direc- 
tion along which the uncovered fibres lie. 

With relaxed accommodation, or under conditions of excitement, 
the pupil of the eye is often dilated enough to see the coloured ring 
immediately. But with some persons the experiment with the hole is 
not successful without artificial dilatation of the pupil unless the other 
eye is screened; whereas other people still are not able to see the 
coloured ring at all without a mydriatic. The phenomenon was 
described and correctly explained by both Donprrs! and Brrr,” 
and was subsequently investigated more fully by Druautr® and 
SALOMONSOHN.’ The latter, by the way, appended to his paper a 
summary of the literature on the subject; but he was mistaken in 
supposing that the coloured rings that occur with glaucoma are 
produced in the same way. They vanish gradually, and all over at 
the same time, when a card is interposed in front of the eye, which 
shows that their origin is due to round or polygonal elements, in the 
same way that coloured rings are produced by a clouding of the cornea. 
Their diameter, too, is larger. On the contrary, in cases where the 
glaucoma has produced the necessary dilatation of the pupil without 
concomitant cloudiness of the cornea, it sometimes happens that the 
physiological coloured rings, originating in the lens, become visible, 
and may be confused with purely glaucomatous phenomena of a 
similar appearance. 

In the same manner, and with the same behaviour with respect to 
an interposed card, under certain physiological conditions, coloured 
rings can be seen that are due to some secretion on the surface of the 
cornea or to some irregular evaporation of moisture there. Many 
persons habitually see a ring of this sort marking the outer boundary 
of the light diffused around a bright source; the larger ring originating 
in the lens being separated from it by a dark gap. 


1See J. H. A. Harrmans, Beitriige zur Kenntnis des Glaukoms. Arch. f. Ophth. 
VIII. 2. S. 124. 1862. 

2Bepr, Uber den Hof um Kerzenflammen. Poaernporrrs Ann. Bd. 84. 8. 518. 
1851; Bd. 88. S. 595. 1853. 

3 A. Druavtr, Sur la production des anneaux colorés autour des flammes. Arch. d’opht. 
18. p. 312. 1898. 

4H. Satomonsonn, Uber Lichtbeugung an Hornhaut und Linse. Arch. f. Physiologie. 
Jahrg. 1898. 8S. 187. 
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§16. The Illumination of the Eye and the Ophthalmoscope 


A part of the light that reaches the retina of the eye is absorbed, 
especially by the black pigment of the choroid, and another part is 
diffusely reflected and returns through the pupil and out of the eye 
altogether. Ordinarily, we are absolutely unaware of this latter 
portion; so much so, indeed, that the pupil of another person’s eye 
looks entirely black. The explanation of this is to be found mainly in 
the peculiar refraction conditions in the eye, but to some extent also 
because, as a matter of fact, comparatively little light is reflected back 
from most parts of the black fundus of the eye. 

According to the principle of the reversibility of the light path, 
light will traverse precisely the same route through an optical instru- 
ment from one end to the other in either direction. Thus, for example, 
so far as this principle is concerned, it makes no difference which one 
of a pair of conjugate points is regarded as the source of the light and 
which one as the image, because in this respect object and image are 
interchangeable. Suppose, therefore, that the eye is accommodated to 
focus on the retina an exact image of an external luminous object; and 
suppose that we regard the illuminated part of the retina as being 
itself a luminous object: then its image projected by the ocular media 
will coincide exactly with the external object. In other words, all 
the ight proceeding from the retina through the eye will return punctu- 
ally to the outside luminous body. In order to get some of this light, an 
observer would have to insert his eye between the luminous body and 
the illuminated eye, which, of course, cannot be done without some 
auxiliary contrivance to prevent the illuminating light from being 
intercepted. 

There is the same difficulty about seeing the light that returns from 
a person’s eye when his eye is accommodated to see distinctly the pupil 
of the observer’s eye. In this case there is an accurate dark image of 
the pupil of the observer’s eye projected on the retina of the other 
person’s eye. Conversely, there is an image of this dark place on the 
retina projected on the pupil of the observer’s eye; so that all the 
observer can do is to see the reflex of the black of his own eye in the 
other person’s eye. 

Thus, under ordinary circumstances, even the parts of the fundus 
of the eye that reflect light better than the other places, as, for example, 
the white area where the optic nerve enters the eye and the blood 
vessels, are not visible to an outside observer. Although the choroid of 
the eye of an albino is almost devoid of pigment, his pupil will look 
black too, provided proper precautions are taken to prevent light from 
getting into the eye through the sclerotica; as can be done by holding 
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a dark screen in front of the eye, with a hole made in it the size of the 
pupil, so as to enable the observer to see through it. It is the light 
that penetrates through the sclerotica that causes the customary red 
appearance of the pupil of an albino’s eye. Similarly, viewed from in 
front, the object-glass of a camera obscura, that is used to project the 
image of a single light in a dark room, looks black; even if the image is 
received on a piece of white paper. 

But if the illuminated eye is not accommodated exactly either for 
the luminous object or for the pupil of the observer’s eye, it may be 
possible for the observer to get some of the light returning from the 
pupil of the other person’s eye; and then the pupil will look bright to 
him. 

It is not hard to understand how the observer can get light from all 
those parts of the retina of another person’s eye, that are comprised 
within the area covered by the blurred image of the pupil of his own eye. 
Suppose, for a moment, that the pupil of the observer’s eye is replaced 
by a luminous dise whose blurred image in the other person’s eye 
coincided exactly with what was there before. Now in this case rays 
of light proceed from one or more points of the illuminated disc to all 
the points of its blurred image. Accordingly, rays of light may come 
back from all parts of the illuminated area on the retina to the corre- 
sponding point or points on the disc; that is, to the place where the 
observer’s pupil is. Thus the observer will see the other person’s eye 
as luminous, whenever the blurred image of his own pupil in that eye 
partly overlaps the blurred image of a luminous object. 

Suppose, therefore, that the observer looks right past the edge of a 
light, that is screened from. his own eye so as not to blind him, into 
another person’s eye; and suppose that this latter eye is accommodated 
for a point between the two eyes or for a point much farther away than 
the opposite eye: under Ry 


these circumstances, _ PD 

the observer will see 4 C) Q 
the pupil of the other oe Ret TERS SRT TTIW ON OTe ‘ieee 

eye shining red. The as, 8 


arrangement of this 
experiment is indicated 
in the accompanying diagram (Fig. 97); where B represents the obser- 
ver’s eye, S the screen which protects it from the direct rays of the 
lamp-light shown in plan at A, and C the illuminated eye. The straight 
line BC is the visual axis of the observer’s eye, whereas that of the 
other eye may have any direction as, for example, along the straight 


Fig. 97. 


1¥. C. DonpeErs in Onderzoekingen gedaan in het Physiologisch Laborat. der Utrechtsche 
Hoogeschool. Jaar VI. p. 153. — Van Triet in Nederlandsch Lancet. 3. Ser. D. II. bl. 419. 
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line Cd. The experiment is usually successful also without taking 
account of the accommodation of the illuminated eye, provided the 
observer is far away, or provided the patient looks to one side, as 
in Fig. 97; because then the image of the light and that of the pupil 
of the observer’s eye are projected on the lateral parts of the retina 
where the images are generally not clear-cut. The illumination is 
brightest when the light falls at the place where the optic nerve 
enters the eye, because the light is highly reflected from this white 
substance, and also because its translucency is such that it does not 
offer any definite surface for the projection of a clear-cut image. 

It may be noted that with sufficiently strong illumination enough 
light goes through the choroid to the sclerotica to be perceptible when 
it is diffusely reflected back again. This light behaves like that of the 
blur circle. Hence, with strong illumination, even when the patient’s 
eye is exactly accommodated for the pupil of the observer’s eye, the 
luminosity may be feeble, especially if there is not much pigment in 
the eye, as was explained above. 

The luminosity of the eye can be observed still better, provided 
the light from the flame is not permitted to fall directly on the eye, 
but is reflected on it from a glass plate, 
through which the observer can look 
into it. In Fig. 98, A shows the posi- 
tion of the light and S that of the trans- 
parent glass plate, which reflects the 

| light into the eye at C asif it came from 

a source a behind the observer’s eye at 

AY + \ B. A small retinal image of the light 

«Sis projected on the fundus of the eye 

c C; thence the light returns towards a 

and falls again on the surface of the 

glass plate, where a part of it is reflected 

back to the real source at A; but another part traverses the plate and 

proceeds onward toward the reflected image at a. The observer with 

his eye at B is-in a position to intercept these rays, and thus to per- 

ceive the luminosity of the eye at C. Ifa small hole is bored in the 

plate to enable the observer to see through it, the reflecting surface 
may be silvered. 

Now although under these circumstances the observer beholds the 
illuminated fundus of the eye, as a rule, perhaps, he cannot make out 
any of its details, because he is unable to accommodate for the image 
of the fundus that is produced by the ocular media. To do this, he 
must use appropriate glass lenses. The combination of an illumination 
apparatus with glass lenses in this way constitutes an instrument 


a 


Fig. 98. 
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called an ophthalmoscope (or ‘“‘ocular mirror’), which enables the 
observer to see distinctly the images on the retina and the details of 
the retina of another person’s eye, and to investigate them. 

Bricks called attention to a peculiar advantage which must be 
afforded by the bacillary layer of rods and cones in the reflection of 
light from the retina. These elements are small cylinders, 0.030 mm 
long and 0.0018 mm thick, made of some highly refracting substance. 
Packed close together like palisades, they constitute the last layer of 
the retina. The axes of those which cover the retina in the back of the 
eye are pointed towards the pupil, so that all light that falls on these 
elements penetrates them nearly parallel to their axes. Now when 
light, proceeding in a denser medium, arrives at the boundary of a less 
dense medium at a very large angle of incidence, it is totally reflected 
there. So we may infer that light which has once been refracted into 
a retinal rod is mostly retained there, and if it should fall on the curved 
cylindrical surface anywhere, it is nearly all internally reflected. 
For example, suppose the index of refraction of the substance of the 
rods is equal to that of oil (1.47), and the index of refraction of the 
intervening substance is equal to that of water (1.33); then any rays 
that make an angle with the surface less than 25° will be totally reflected. 
But the rays that arrive through the pupil must fall on the rod-walls 
at angles that are never more than about 8°. If the light has at last 
reached the farther (outer) end of the rod, and if here part of it is 
diffusely reflected from the choroid, nearly all of this portion must be 
sent back again through the same rod. Such light as proceeds in a 
direction more inclined to the axis, may, of course, succeed in escaping 
from the rod; but not until it has been repeatedly reflected at the 
surface of the adjacent rod, will it contrive to get into the vitreous 
humor. On the other hand, the light that comes back nearly parallel 
to the axis of the rod suffers only a few total reflections at most, and 
hence will not have lost much when it emerges. Besides, this light will 
be directed towards the pupil and will issue through it. This function 
of the rods appears to be of importance, especially in the case of those 
animals that have a highly reflecting surface or tapetum instead of 
the layer of black pigment cells on the choroid. The first effect of it is 
that the light which was originally incident on the sensitive elements 
of the retina meets and stimulates them again on the rebound. And, 
secondly, on its return, it affects only the same elements of the retina 
or possibly in some measure those right next to them. Thus, the light 
that arrives at any one place is practically confined to a very minute 
region of the retina; a circumstance that must have an important 
bearing on the accuracy of vision. When theretinal image is sufficiently 
bright, diffusely scattered light of this sort may be noticeable in the 
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field of view. An instance of this was given in the preceding section in 
the description of the method of observing the vascular figure by 
moving a light to and fro below the eye. As the basis of the mathe- 
matical theory of the luminosity of the eye and the ophthalmoscope, a 
series of general propositions will now be stated and discussed. The 
special cases to be considered afterwards are much simplified by form- 
ulating these general laws. 


I 


If two rays of light traverse a system of isotropic media from opposite 
directions, and if in any one of these media their paths coincide, they must 
coincide in all the media. 

Suppose that the straight line AB in Fig. 99 is the path of the two 
rays which we know to be common to both of them; and that the first 
ray, proceeding along the straight line HB, is refracted at B in the 
direction BA. The other ray, proceeding from A to B along the 
straight line AB, is likewise refracted at B, say, in the direction BE;. 
First, of all, it must be proved that ZB and EB coincide. Draw DBC 
normal to the refracting surface at the point B, and put angle EBD =a, 
angle H,BD=a,, and angle ABC=8; and let m and n denote the 
indices of refraction of the media containing the points # (#,) and A, 
respectively. By the law of refraction, the first ray BA must lie in the 
plane containing BD and EB; and, moreover, 


msina=nsin B. 


Likewise, the second ray BE, must be in the plane determined by BD 
and AB, that is, in the same plane with BE; and also: 


m sin a,=n sin B. 
Consequently, sin a=sin a, 
or a=a,, 
since the angles here are both acute angles. 
Hence, the ray BE, coincides with the ray 
EB, and the two rays pursue the same path 
in opposite directions as far as this medium 
extends. At the next refracting surface the 
same proof applies, and so on throughout 
the entire system. 


Fig. 99. Notes: 1. Evidently, the proposition is true 
also when the light is reflected at a surface. 

2. In the vase of the eye, if a ray on its way through the vitreous humor 
coincides with another ray proceeding in the opposite direction in the same 
medium, the paths of these rays outside the eye coincide also. 

3. According to the general enunciation of this proposition, as given here, 
the case can be supposed in which for certain directions of polarisation and for 
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certain angles of incidence, the rays might be entirely extinguished by a 
refraction or reflection. But such circumstances do not occur in the applica- 
tions of the theorem to the illumination of the eye. The light is incident 
nearly normally on the refracting surfaces of the eye, and hence any polarisa- 
tion effects due to either refraction or reflection will be practically negligible. 
Moreover, the losses of light by reflection and absorption in the eye may be 
left out of account. It is only where the glass plate reflector is placed very 
obliquely to the rays of light that there is any considerable loss of light. 

There is another corresponding proposition of wide application concerning 
the intensity of the light that proceeds to and fro over the same path, which, 
however, may be given here without proof because anybody who is at all 
familiar with the laws of optics can easily prove it for himself, and because 
also the principle is not needed for the purposes of the present discussion. 
This more general rule may be stated as follows. 


Suppose light proceeds by any path whatever from a point A to 
another point B, undergoing any number of reflections or refractions 
en route. Consider a pair of rectangular planes a; and a, whose line of 
intersection is along the initial path of the ray at A; and another pair 
of rectangular planes b; and b» intersecting along the path of the ray 
when it comes to B. The components of the vibrations of the aether 
particles in these two pairs of planes may be imagined. Now suppose 
that a certain amount of light J leaving the point A in the given 
direction is polarised in the plane ay, and that of this light the amount 
K arrives at the point B polarised in the plane bi; then it can be 
proved that, when the light returns over the same path, and the 
quantity of light J polarised in the plane 6; proceeds from the point B, 
the amount of this light that arrives at the point A polarised in the 
plane a, will be equal to K. 

Apparently the above proposition is true no matter what happens to the 
light in the way of single or double refraction, reflection, absorption, ordinary 
dispersion, and diffraction, provided there is no change of its refrangibility, 


and provided it does not traverse any magnetic medium that affects the 
position of the plane of polarisation, as FARADAY found to be the case. 


II 


In order to see the luminous pupil of another person’s eye, the retinal 
image of the source of light in his eye must overlap the retinal image of 
the pupil of the observer’s eye, at least to some extent. 

If the observer is to get light from any part of the retina of another 
person’s eye, it is necessary, in the first place, for this part of the retina 
to be illuminated by the source of light, so that it must be comprised 
in the image of the source of light. In the second place, assuming, for 
the sake of argument, that light proceeds from the pupil of the ob- 
server’s eye, then by the preceding proposition, it could go just as well 
to the given part of the retina of the other person’s eye as it could 
come from it; and therefore this part of the retina must likewise be 
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contained in the retinal image of the pupil of the observer’s eye, no 


matter whether this image is clear-cut or blurred. 

Notes: 1. This proposition is true not only when the light proceeds 
directly from the source to the illuminated eye and thence into the observer’s 
eye, but also when any lenses or mirrors are interposed along the way. Inci- 
dentally, this fact affords a convenient way of showing experimentally how an 
ophthalmoscope acts in one’s own eye. The light used for illumination is 
adjusted and the instrument arranged in the same position in front of the 
observer’s eye as it would be in front of the patient’s eye; then the part of the 
field that is bright corresponds to the part of the retina that is illuminated. 
It is possible to tell whether this bright field is large or small, and whether it is 
uniformly illuminated or whether there are dark places in it, and how dark 
they are. Then the source of light is transferred behind the instrument where 
the observer’s eye would naturally be, so that the light shines through the 
peephole. Whatever is illuminated now in the field of view is comprised in the 
part of the retina that the observer will be able to see. This is the simplest and 
easiest way of getting a clear idea of the effects of various combinations of 
flat and curved mirrors and of convex and concave lenses in ophthalmoscopes; 
without having to make complicated geometrical constructions that are oft- 
times more confusing than helpful to the unintiated. 

2. The effect of the mode of illumination described in this section is easily 
regulated by the above rule. Everyday experience teaches us (as can be 
proved also by a simple construction of the procedure of the light) that the 
blurred image of a distant object cannot cover the sharp image of a nearer 
object that. is seen distinctly, but that the blurred image of a near object may 
cover the sharp image of a more distant one. In the experiment with the 
perforated mirror the blurred image of the peephole which must. be adjusted 
as near as possible in front of the patient’s eye overlaps the image of the more 
distant source of light which is perhaps sharply in focus. If no mirror is 
employed, so that the observer looks past the light into the patient’s eye, the 
flame and the observer’s eye seem to the patient to be near together, and 
when his eye is not nicely accommodated for them, their blurred images are 
fused together. With illumination by a transparent plate of glass, both the 
image of the light and that of the pupil of the observer’s eye may be sharply 
infocus. The former is seen reflected in the plate and the latter is seen through 
the plate, so that they come together on each other. Accordingiy, it is best 
for the patient himself to adjust the glass plate so that his eye looks luminous 
to the observer. All that he has to do is to be careful that the observer’s eye 
appears to be covered by the reflected image of the source of light. 


A reciprocity law similar to that given above for light proceeding 
in opposite ways over the same path may also be formulated for the 
amount of light transmitted to and fro. In this connection, let us 
state here, first, the following 


Fundamental Law of Photometry. 


Suppose a and 6 are the areas of two tiny elements of surface in a 
transparent medium at the distance r apart; and let the brightness of 
the luminous element at a be denoted by H; then the quantity of 
light received by 6 will be 


H.ab cos a cos B 
i amare we cre 5 ete poland ee (1) 
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where a, 8 denote the angles made by the normals to a and b, respec- 
tively, with the straight line connecting these elements. Similarly, the 
quantity of light which would proceed from b to a would be the same 
as before, supposing the brightness of the element b were the same as 
that of ain the first case. ~ 


Ill 


Let 71, %2 denote the indices of refraction of the first and last media, 
respectively, of a centered system of spherical refracting surfaces; and 
let a and 6 designate two surface-elements near the axis and per- 
pendicular to it, in the first and last media, respectively. Asswming 
that the brightness of the surface-element a is ni*H and that of B is n.?H, 
the quantity of light that goes from £ to a is equal to that that goes from 
aco Bs 

Not to make the proof more complicated than is necessary for the 
applications we have here in view, the losses of light due to reflection at 
the refracting surfaces may be neglected; and it may be also assumed 
that the rays are all incident on the refracting surfaces at angles so 
small that the cosine of any such angle may be put equal to unity; 
although the proposition is true when this is not the case. 

1. Case when B does not coincide with the image of a. 

In Fig. 100 the straight line AC represents the axis of the optical 
system, with its first and second principal points at F and G, respec- 
tively. The element of surface a in the first medium may be repre- 
sented by a point in the diagram, since it is infinitely small; and the 


4 GH 
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Fig. 100. 


image of a in the last medium is designated by y. Consider the bundle 
of rays proceeding from a; its cross section in the first principal plane is 
represented by f:f2, and the corresponding cross section in the second 
principal plane by g:g2; so that gig2=fife=, say. The other surface- 
element 8 is supposed to be in a plane perpendicular to the axis at the 
point designated by B; and b,b. represents the cross section of the 
bundle of rays in this plane. Let A and C designate the feet of the 
perpendiculars on the axis drawn from the conjugate points a and 7, 
respectively. According to equation (1), the quantity of light coming 
from a that falls on fif2 is 

nvH.a.& 

AF? 


? 
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supposing that the brightness of a is m.°H. The more distant cross 
sections gig2 and bib, receive this same amount of light. In the latter 
section the quantity of light that is delivered to the element @ is in 
the same ratio to the entire quantity of light as the area of 8 is to that 
of the cross section b,b2; so that if this ratio is denoted by #, the 
quantity of light that comes from a to 8 is 


wee GOD, ne cakes mcryilhsemncansemee he 
si = AF? 
Moreover, 

® _ (gige)?_C@? 

= (bibs)? BC? 


Hence, by substitution in equation (2): 


C 
Pisin tas ei 


But by equation (8a) of § 9: 


Gco__F, 
AP ARSE, 


where F',,F', denote the two focal lengths of the optical system; hence 


NF? 
= . ee eee 2 
x Haf [AF.F.+BG. F,—AF. BG? ( a.) 


Similarly, for the quantity of light sent from 6 to a, on the assump- 
tion that the brightness of 8 is n2’H, we obtain: 


Yaltage nay’ =k eel) 
[AF.F,4 BG. F,— AF. BGP 


Since everything is symmetrical on the two sides, all that is necessary 
in order to derive this last expression is to substitute Y for X in equa- 
tion (2a), and to interchange the pairs of magnitudes according to the 
following scheme: 


AF and BG 
F, and F, 
a and B 
nH and n?H. 


Since, by equation (9c) of § 9, 
mPe=NneFj, 
we derive from equations (2a) of § 9, 
EX ye 


which was to be proved. 
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2. Case when 6 coincides with the image of a. 

Suppose first that 8 coincides with the image of a, in both size and 
position; in which case also a coincides exactly with the image of 8. 
Accordingly, all light coming from a falls on 8, and vice versa. In 
Fig. 100 nothing is changed here except that now we must think of 8 as 
being at y. If the brightness of the element a is n,2H, the total quant- 
ity of ight which it sends to 8 is 
ab 
AF?’ 


and, similarly, if the brightness of the element 8 is n22H, the total 
quantity of light which it sends to a is 


Bd 
Y=n?H oon Sig Sig ol Aah ad es dala) (215) 


Now as £ here has to be the image of a, according to equation (8b), §9, 
we must have: 


X=n~H (3a) 


aeriry Ha? sit) 
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since the areas of similar figures are proportional to the squares of their 
corresponding linear dimensions. Moreover, by equation (8a), § 9: 


and hence: 


But F,:F.=n1;n2, consequently, 


BEAM ONG BENIGN ON! ORR) 
AF? GC? 
Combining equations (3a), (3b) and (3c), we derive finally the result 
that X = Y, which was to be proved. 
Should one of the two elements, a say, be greater than the image of 
8, then the parts of a that did not belong to the image of 8 would 
neither send light to @ nor get light from it; and neither X nor Y 
would be changed on this account, so that the proposition would still 
be valid. 
Notes: 1. The above proof is equally applicable to a centered optical 
system composed of both refracting and reflecting surfaces. 
2. The condition that the two surfaces a, 8 shall be infinitely small is not 
essential, provided simply they are not so extended that the cosines of the 
angles of incidence of the rays at the various refracting surfaces are not very 


different from unity. For inasmuch as the proposition is true for each pair of 
infinitesimal portions of the two areas, it applies also to the entire areas. 
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Suppose the above proposition is applied to the case of the luminos- 
ity of the eye, one element of surface being in the retina of the illu- 
minated eye and the other element being formed by the pupil of the 
observer’s eye. If the difference in the indices of refraction of the 
aqueous and vitreous humors is neglected, and if any arbitrary sym- 
metrical optical system of lenses or mirrors is supposed to be inserted 
between the two eyes, the proposition is as follows: 


Illa 


The quantity of light proceeding from an element of the retina of the 
illuminated eye and entering the observer’s eye is equal to the product of the 
brightness of the illumination of the retina and the quantity of light which 
would come from the pupil of the observer’s eye and fall on the retina of the 
illuminated eye, on the supposition that the brightness of illumination of 
the pupil of the observer’s eye were equal to unity. 

Suppose the brightness of illumination of the element of the 
retina by the source of light is denoted by H; and let & denote the 
amount of light that is sent from the pupil of the observer’s eye to the 
element of the retina on the supposition that the brightness of illumina- 
tion of the pupil is equal to unity; then, by the proposition which has 
just been proved, k would likewise be equal to the quantity of light 
that would proceed from the element of the retina to the pupil of the 
observer’s eye, provided the brightness of illumination of the retinal 
element were equal to unity. But this latter is not equal to unity but 
is equal to H; and hence the quantity of light that is actually com- 
municated from the element of the retina to the pupil of the observer’s 
eye is equal to Hk, in agreement therefore with the above statement. 

In a sense this proposition is a sort of sequel to proposition II, 
because the quantitative relations which were lacking in that state- 
ment are given here. The proof as first given applied simply to an 
ophthalmoscope in which the rays of light met the surfaces of the 
mirrors and lenses at nearly normal incidence, with no appreciable 
loss of light. But evidently the proposition is true also when the eye is 
illuminated by oblique reflection from a glass plate, because when the 
light is not polarised the losses incurred in traversing such a plate from 
one eye to the other are just as great when the light proceeds through it 
one way as when it goes through it the opposite way. 


IV 


When an observer sees a clear-cut image of a luminous object in a 
symmetrical optical system of lenses and mirrors, then, on the supposition 
that the losses of light by reflection and refraction are negligible, each 
place in the image appears just as bright as the corresponding place in the 
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object would appear without the optical instrument; provided the entire 
pupil of the observer’s eye is filled with light coming from one single point 
of that part of the object. But if this latter condition is not satisfied, the 
brightness of the optical image is in the same ratio to that of the object seen 
dwectly as the area of the part of the pupil of the observer’s eye that is 
jilled with light is to the area of the entire pupil. 

When the eye sees an object directly and distinctly, or its image in 
a symmetrical optical system, the eye by itself, or the eye and the 
optical system together, may be regarded as an optical system that 
projects an image of the object on the retina. Let a denote the area of 
a surface-element of the object, and 6 the area of the corresponding 
part of the image on the retina. According to proposition III above, 
the same quantity of light that goes from a to b would go from 6b to a, 
provided the brightness of illumination of the retinal element b were 


equal to . 7 where H denotes the brightness of illumination of the 
element a, supposed to be in a medium of index of refraction m1, and 
m2 denotes the index of refraction of the vitreous humor. The quantity 
of light that would go from 6 to a under these circumstances can easily 
be calculated. If the cross section of the bundle of rays going from a 
point in b to a point in a as made by the plane of the pupil has an area 
denoted by gq, the quantity of light M going from b to a is equal to that 
going from 6b to q, namely, 

n gb 

Mar eat 


where R denotes the distance of the pupil of the observer’s eye from the 
retina of the illuminated eye. To be perfectly accurate, g denotes here 
the cross section of the bundle of rays made by the plane of the exit- 
pupil of the observer’s eye; and R should be measured from this plane. 
In the above expression for the quantity of light coming to the observer 
from the illuminated element b there are two magnitudes that depend 
on the properties of the optical system which is interposed in front of the 
eye, namely, the cross section q in the pupil of the observer’s eye, and 
the size of the image b on the retina of the other person’s eye. But the 
brightness of this image depends not only on the quantity of light that 
it receives, but also on the area b over which this light is spread, being 
inversely proportional to 6. If the quantity of light per unit of area is 
taken as the unit of the intensity of illumination, the intensity J of 
iliumination of the retinal element 6 is 
Mn? q 


Le b pe a 
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where now q is the only magnitude that depends on the peculiarity of 
the artificial optical system. When the eye looks directly at the 
luminous object, the entire pupil, of cross section Q, is filled with light, 
and the intensity of illumination of the light coming from b will be 


m1, Q 
Jel pre 
This is the maximum intensity, because q can never be greater than Q. 
It is the natural brightness of the luminous area. The intensity of 
illumination of a surface as seen through an optical instrument can 
never be greater than its natural brightness, and is to the latter always 
in the ratio of q to Q. 


Notes: 1. It is only when the luminous point is infinitesimally small, 
that its image as seen through an optical instrument, even with the highest 
magnifying power, extends over an element of the retina that it is no larger 
than the smallest blur circle, so that therefore it always retains the same size; 
and only under these circumstances can an optical instrument increase the 
apparent brightness of an object. This is the explanation of how the stars.can 
be made visible in the day-time by looking at them through a powerful tele- 
scope with a large aperture; because the apparent luminosity of the star 
increases in proportion to the quantity of light coming from it that is brought 
to a focus by the instrument; whereas the telescope does not increase the 
brightness of the background of the sky. 

2. Moreover, when the blurred image of a uniformly Jluminated surface 
is projected in the eye, the intensity of illumination of the retina can never 
exceed that obtained by looking at the surface directly without any artificial 
optical contrivance. The proof of this statement is exactly the same as for 
the case when the image is not blurred, since proposition III applies equally 
to clear-cut images and blurred images. Here, likewise, the brightness of 
illumination is proportional to the cross section made by the plane of the 
pupil with the bundle of rays that can be sent from the corresponding point 
of the retina to the illuminated surface. 

The author ventures to add that optical constructions of lenses and 
mirrors frequently trespass against the fundamental laws here stated. Many 
persons still believe that by concentrating light in the eye or in a microscope, 
etc., by means of convex lenses or concave mirrors, not only the apparent size 
of the illuminated surface, but its apparent brightness also, can be magnified. 
With the increased amount of light that can be obtained by such means there 
is invariably an accompanying magnification of the image, so that the image 
is merely bigger, not brighter. There is no optical instrument whatever that 
can make a luminous surface of any appreciable dimensions appear brighter 
to the eye than it does to the naked eye. It is just as impossible for an illumi- 
nated surface ever to be brighter than the illuminating source. 


Vv 


General method of estimating the brightness of illumination of a place 
un the retina of a person’s eye as seen through an ophthalmoscope. 

(a) Case when the loss of light by refraction and reflection is assumed 
to be negligible. Let x designate the position of a point at the place in 
the retina under consideration; the problem is to find out how the 
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bundle of rays proceeds from this point x to the pupil of the patient’s 
eye. According to propositions I and II, some of this light must 
return to the illuminating object, and some of it must go to the pupil 
of the observer’s eye. Suppose P denotes the area of the pupil of the 
patient’s eye, and p denotes the area of the cross section in this same 
plane of that part of the bundle of rays which returns to the illuminat- 
ing object. Moreover, let H denote the brightness of illumination 
that would exist at the given place on the retina if the patient looked 
directly at the source of light and focused it on his retina. This magni- 
tude may be called the normal brightness of illumination. It depends 
essentially on the structure of the retina itself, and, of course, also on 
the brightness of the illuminating object and on the size (P) of the 
pupil of the patient’s eye. When an ophthalmoscope is employed, the 
actual brightness of illumination of this part of the retina is necessarily 
less than this; that is, it is equal to 


P 
pi. 


Now let Q denote the area of the pupil of the observer’s eye; and let q 
denote the area of the cross section in this plane of the part of the 
bundle of rays coming from x that enters the pupil of the observer’s 
eye; then the brightness of this part of the retina as it looks to the 
observer is 

q:-P 

Q.P 

(b) Case when there is appreciable loss of light by reflection or 

refraction. In all the types of ophthalmoscope hitherto constructed 
the only one in which there is such a loss of light is in the case of the 
construction proposed by the author where unsilvered glass plates are 
used. In this case, and in all similar contrivances, the losses of the 
bundle of rays going from the eye to the illuminating object are pre- 
cisely the same as those of the rays that actually go from the light to 
the eye. Suppose that light of unit intensity proceeds from the source 
to the illuminated eye, and produces there an illumination a; and that 
light of the same unit intensity proceeds from the patient’s eye to the 
observer’s eye and produces there an intensity 6: then the above 
expression has to be multiplied both by a and 8, so that it becomes: 

a-B.p-q 

ete 

This complete reciprocity in the problem of the illumination of the eye as 

contained in the preceding propositions has enabled us to investigate the 
brightness of illumination of the images in every vase by reducing the matter 


to the determination of the procedure of a single bundle of rays. Otherwise, 
the brightness at any particular place on the retina would have had to be found 
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by summation of the effects of all the blur circles superposed there, that are 
made by the separate points of the source of light. Besides, in the writer’s 
opinion, the subject is made clearer by the method used here. It is easy to 
follow the route of the rays from a point on the retina separately through each 
of the comparatively simple optical systems of the ophthalmoscope, one of 
which is for illumination, and the other for observation; but a complete view of 
the entire procedure from the source of light to the eye of the spectator is 
hard to follow, mainly because there is, so to speak, a sort of mosaic made of 
innumerable blur circles on the retina belonging to the various points in the 
source of light and in the pupil of the observer’s eye. 


VI 
Method of obtaining a distinct image of the fundus of the eye 


The illuminated eye is represented at.A in Fig. 101. The image of a 
point a on the retina is produced at the point designated by b; the 
location of which will depend on the existing state of accommodation 
of the illuminated eye. The two arrows drawn through a and 6 cor- 
respond to the sizes of the two figures there. In the illustration the 
image of the place on the retina is shown magnified and inverted. -An 
observer who, without using glasses or apparatus of any kind, desires 
to see the image of the retina that is formed at b, must, therefore, adjust 
his eye at some place C where he is able to accommodate so as to see 


3 ee 


Fig. 101. 


the image distinctly. However, under such circumstances, the field of 
view of the observer, being limited by the pupil of the patient’s eye, 
would be so small that he might not be able to make out anything. 

Heretofore two main methods have been employed to render the 
position of the image at b more convenient for the observer. In one 
case the image of the retina is virtual and erect, and in the other 
case it is real and inverted. 


A. Method of erect (virtual) image. 

In this method (Fig. 102) a concave lens B is employed, whose 
focal length B is less than the distance of the point b. The effect 
of this is to make the rays converging from A to b again divergent, so 
that they appear to come from a point d back of the patient’s eye. In 
this figure also the arrows indicate the comparative sizes of the object 
at a and the images at b and d. Putting «=Bb, y =dB, then 
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where p denotes the negative focal length of the interposed lens. The 
observer must be able to accommodate for the distance y if he is to 
see distinctly the image of the retina at d. The distance a depends on 
the state of accommodation of the patient’s eye and on the distance 
between A and B. If both a and y are prescribed, the value of p may 
be calculated, which gives the power of the lens that must be used to 
get a distinct image under the given conditions. Thus, if both eyes 
were accommodated for parallel rays, then a= y=, and hence also 
p=, that is, no lens would be necessary at all. Ordinarily, also a 
lens is not needed to see the more lateral parts of the retina, because 


Fig. 102. 


they appear to be far away, and the ocular media by themselves can 
form images of them that are easy for the observer to see. In this 
mode of observation the image of the retina at d is erect. 

As to the magnification, suppose that b were a luminous object 
whose image would be formed on the retina at a. The rays reversed 
produce an image of this retinal image, which according to the preced- 
ing propositions is congruent with the luminous object at 6. Let 
6 denote the size of the luminous object and of the image at d that is 
equal to it; and let 6 denote the size of the image seen by the observer ; 
then 


If the apparent size of the image as seen by the observer is defined to be 
the ratio of its actual size to its distance from the observer’s eye, then 
when the observer looks through the concave lens the apparent size of 
the image is 


eae 
ya 
The apparent size of the object at 6 for the eye A is 
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where q denotes the distance AB. It is therefore rather smaller than 
the apparent size of the image 6. Now on the supposition that the 
distance for which the eye A is accommodated is very much greater 
than q, the latter is negligible in comparison with a, and in this case 
the apparent size of the luminous object for the eye A is equal to 8/a. 
Thus, with this arrangement, the image of the retina of the patient’s 
eye appears to the observer just as large as, or rather larger than, the 
corresponding object appears to the patient. Hence, the magnification 
of the place on the retina of the patient’s eye may now be easily found. 
If the size of the image of 8 formed on the retina at a is denoted by z, 
and if the distance of the retina from the second nodal point of the eye 
is denoted by y, then 


nem ECL 
B atq 
Bae 
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Multiplying these equatations, we have: 


x U-Q 


8 Yat) 

In Listin@’s schematic eye y =15.0072 mm; and if y is put equal to 
25 cm (which is the so-called distance of distinct vision), we obtain for 
the magnification: 


fie ie Et 

x a 
Since qg is usually very small as compared with «a, the magnification 
may be put equal to 1624.! 

With this method the line of demarcation of the field of view as 
determined by the vaguely seen contour of the pupil of the patient’s 
eye is not sharp. For practical purposes the field may be considered 
as limited by the lines of sight (see §11) drawn from the centre of 
the pupil of the patient’s eye. If these lines are treated as rays of light 
proceeding from the observer’s eye, the part of the retina of the other 
person’s eye that is in the field of view is found to correspond to the 
blurred image of the centre of the pupil of the observer’s eye. When 
this centre, or rather its image in the concave lens, is at the first focal 
point of the patient’s eye, its blur circle, as was proved in the preceding 
section on entoptical phenomena, will be of the same size as the pupil 
of the patient’s eye. Usually, however, the observer’s eye cannot be as 
close as this to the patient’s eye; and the blur circle corresponding to 


‘ 
1 {In the text the distance y is assumed to be equal to 8 (Prussian) inches; so that the 
value of the magnification is given as 1414 instead of 1624. (J. P. C. S.) 
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the field of view is smaller than the pupil of the patient’s eye in pro- 
portion as the observer is farther way. 


B. Method of the inverted image (indirect method) 

The other method of enabling an observer to inspect the retina of 
the eye consists in inserting a convex lens of short focus (from 1 to 3 
inches) close in front of the illuminated eye (Fig. 103). As before, let 
a designate an illuminated place on the retina, and b the position of 
its image outside the patient’s eye A. The rays coming from a fall on 
the convex lens at B before 
they are converged to the 
image at b; and the lens 
produces an image at d 
which is nearer and smaller 
than the image at 6b, but 
inverted like b. The obser- 
ver puts his eye at C, as 
far off as necessary to accommodate to see the image. If the dis- 
tances Bb and Bd are denoted by a and y, respectively, and if the 
positive focal length of the lens is denoted by p, then 


Lael Ara 


Fig. 103. 
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As a is usually very much greater than p, y is nearly equal to p, but 
always somewhat smaller. 

Let x denote the size of a part of the retina at the point a; and 
let 6 and 6 denote the sizes of the images at b and d, respectively. 
Finally, let y denote the distance of the retina from the second nodal 
point of the eye, and gq denote the distance of the first principal point 
of the lens from the first nodal point of the eye; then 


y ’ 
at+q 


Multiplying these two equations, we get: 

Tyo _ye(atp), 

5 y-(a+q) platq) 
As arule, the lens B is adjusted with its focal point at the centre of the 
pupil of the illuminated eye A, in which case p and q are nearly the 
same; and hence the magnification is 


Deed. 
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Employing the value of y in Listrne’s schematic eye, the image 6 is 
found to be magnified 2, 3 or 4 times according as the focal length of 
the convex lens is 30, 45 or 60 mm, respectively. This is the actual 
magnification of the real image of the retina. The magnification for 
the observer is 


P x25, 
yc 


where c denotes the distance Cd in centimeters; the conventional 
distance of distinct vision being taken as 25 cm. 

Provided the convex lens is placed very close to the patient’s eye, 
the field of view is limited in this method by the pupil of this eye. But 
the farther away the lens is, the more magnified the pupil becomes, 
until at length when it is in the vicinity of the focal plane of the lens, 
the edge of the pupil disappears entirely from the field, and the extent 
of the field then is determined merely by the aperture of the lens. Here 
also, as in the preceding method, the extent of the field can be found by 
treating the lines of sight of the observer’s eye as if they were rays of 
light. The lens B forms an image of the centre of the pupil of the 
observer’s eye somewhere near its focal point, that is, approximately 
in the pupillary plane of the patient’s eye; and thence the lines of sight 
diverge to the fundus of this eye. These lines intersect at or near the 
anterior nodal point of this eye, depending on the adjustment of the 
lens B; and therefore they proceed through the patient’s eye practically 
without being refracted, as indicated by the dotted lines in Fig. 103. 
If u and v denote the aperture of the lens B and the diameter of the 


portion of the retina that is in the field, respectively, then 
Vv U 
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With such small lenses the aperture may very well be made equal to 
half the focal length, that is, w=p/2; and hence, in this case: 


v=Wy=746 mm. 
Accordingly, under such circumstances a larger field is commanded 


than is practicable by the first method, without artificial dilatation of 
the pupil by atropin. 


VII 


Illumination system of the ophthalmoscope 


The eye may be illuminated in any of the three ways mentioned 
above, that is, directly by a light or by an opaque mirror with a hole 
in it or by a transparent unsilvered plate of glass used as a mirror. 
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If the eye is illuminated without any mirror at all, the image of the 
retina has to be inverted to be seen distinctly, and it takes considerable 
skill. Indeed, this method is not to be recommended unless there is no 
other instrument at hand except a simple convex lens of short focus. 
The procedure is as follows. The observer, protected by a screen from 
the direct light of the lamp, as shown in Fig. 97, looks right past this 
light in the other person’s eye, and holds a convex lens of from 2 to 4 
inches focus in front of this eye, as in Fig. 103. In order to find the 
correct adjustment, the lens is placed at first close in front of the eye, 
and then gradually brought back from it until the pupil is so magnified 
that its edges disappear behind the edges of the lens. A real inverted 
image of the retina is seen then at d (Fig. 103). In order to determine 
the brightness of illumination of this image, the first thing to do is to 
trace the bundle of rays that proceeds from the point a of the retina, 
according to the directions given under proposition V above. These 
rays are converged by the ocular media towards the point b, and then 
by the lens to the point d. Beyond d the bundle of rays is divergent 
and wide enough by the time it gets to qq for the rays to fill the pupil 
of the observer’s eye completely; which means that the place on the 
retina of the illuminated eye can be seen in its entire actual degree of 
brightness. This “‘actual’” brightness and the “normal” (greatest 
possible) brightness are in the same ratio to each other as the part of 
the bundle of rays gq that returns to the source of light is to the entire 
bundle of rays (see Prop. V). Now if the source of light is large enough 
and properly adjusted, it takes comparatively few rays to return past 
the light and fill the pupil of the observer’s eye completely; and in this 
case the “actual brightness,”’ of the place a on the retina is not much 
less than the “normal brightness,” and the apparent brightness for 
the observer is equal to the ‘“‘actual brightness.” 

The illumination of the eye A by an opaque mirror with a hole in it 
(Fig. 104) is far more convenient for observation. In the diagram, A 
and B are the eyes of patient and observer, respectively; C is the con- 
vex lens and SS is a perforated mirror. The image of the point a on 
the retina is focused at d and viewed by the observer through the hole 
in the mirror. Only a small portion of all the rays coming from a goes 
through the hole in the mirror. The rest are reflected and may return 
to the source of light. The mirror SS may be concave (RUETE), plane 
(Coccrus), or convex (ZEHENDER). Moreover, a convex lens L can be 
interposed between the mirror and the source, as shown in the figure. 
Evidently, by this method the brightness of the illumination may be 
nearly normal (see Prop. V). 

When the pupil of the eye A is in the focal plane of the lens C, the 
field of view depends on the size of the lens, as found above. How 


246 Dioptrics of the Eye [211, 212. 


much of the retina can be illuminated? Since all the light the ob- 
server gets passes through the lens, it is evident that the illuminated 
part of the retina cannot exceed the blurred image of the lens; and 
this blurred image itself, as was shown in VI above, corresponds to the 
observer’s field of view. This image, in all its parts, will have its 
maximum brightness when light goes from every place in the lens to 
every place in the pupil. This condition will be satisfied, provided the 
pupil of the illuminated eye is equal to or less than the image of the 
mirror SS (or of the lens L) that is made by the lens C somewhere near 
the pupil, and provided light goes from every point of the mirror 
(except, of course, where the hole is bored) to every part of the lens C. 
But the latter requires that the lens shall be situated at the image of 
the source D in the mirror, and that the size of the lens must be equal 
to that of this image or less than it. 


Fig. 104. 


To give an example of such constructions, suppose that we wish to get a 
4-fold magnification with the ophthalmoscope, and that, consequently, a lens 
C of 60 mm focus is employed with an aperture of 30 mm. The mirror S, 
which may be a concave glass with a hole in it, must be placed so far from the 
image d that the observer can accommodate for it, that is, about 150 mm 
away. In this case, therefore, the distance of S from C would be 210 mm. 
By equation (14b), §9, the image of the mirror in the lens will be 60/150 or 
2/5 of its own size. As this image is to be of the same size as the pupil of the 
illuminated eye, which with artificial dilatation may have a diameter of 10 mm, 
the diameter of the mirror should be 25 mm. 

The focal length of the mirror is determined by the condition that it has 
to produce an image of the light-source that covers the lens C. The diameter 
of the flame of a large ARGaNpD burner is about 15 mm. If the diameters of the 
lens and flame are taken as 30 mm and 15 mm, respectively, and if these values 
are substituted for 6; and 2 in equation (14b), §9, and if also f;=CS=210 mm; 
the focal length of the mirror comes out to be F=70 mm; and the distance 
of the source from the mirror must be 105 mm. 
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In case one prefers to use a plane mirror and a convex lens, as in Fig. 104, 
instead of a concave mirror, the sum of the distances of the two lenses L and 
C from the centre of the mirror must be used in the above calculation, instead 
of the distance of the mirror from the lens C. 

When the mirror and lens are in two separate parts which the operator 
holds in position, of course, it is not possible to keep them adjusted at exactly 
the distance calculated by the formula; and in fact good images can be had 
with fairly large variations from the correct distance. However, it is well for 
the observer to know, at any rate, the best conditions for holding his 
instrument. 


The conditions are more unfavourable when the observation has 
to be made with a_ perforated 
mirror and a concave lens; as 
represented in Fig. 105, where, as 
before, A and B designate the two 
eyes and S the mirror. Suppose 
that a denotes the fraction of the 
cone of rays that comes into the 
observer’s eye from the point a on 
the retina of the other eye; and Fig. 105. 
that (1—a), therefore, is the other 
part of this light that is reflected by the mirror to the source of illumina- 
tion. Under these circumstances, the actual brightness of this part of 
the retina, according to proposition V above, will be H(1—a), where H 
denotes the “‘normal’”’ brightness there. As before, let J denote the 
area of the apparent pupil of the patient’s eye (A), and let R denote 
the corresponding magnitude in the observer’s eye; also, let g denote 
the distance between the two apparent pupils, and h the distance for 
which the eye A is accommodated; then the cross section of the part 
of the bundle of rays that enters the observer’s eye is 
(h—9)”. 

h2 


aJ ° 


Generally, this cross section will be smaller than R. The brightness 
as it appears to the observer in this case will be 


J-(h-a)’. 


H.a(1—a) Rh 


For a=1/2, the expression a(1—a) has its greatest value; and hence 
the best arrangement, so far as brightness is concerned, is when half 
of the rays go to the observer’s eye and the other half are reflected back. 
In this case the brightness attains the value 


J.(h—g)? 
1 SEN ETELLES 
oe Rh? 
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A large source of light placed near the eye is used to get as great a 
field as possible in the illuminated eye; or a convex lens placed at L can 
be used for this purpose. If the image of the source in this lens covers 
the pupil completely, the entire blurred image of the lens L in the eye 
A will be illuminated. 

The illumination by means of a transparent glass plate in the 
convex lens method gives only one quarter of the brightness that can 
be gotten with a silvered mirror with a hole in it. On the other hand, 
this mode of illumination in the concave lens method is sometimes 
superior. For example, suppose that the mirror SS in Fig. 105 is not 
silvered and has no hole in it, but is just a plate of glass or several 
plates put together. Along every ray incident on the mirror, a certain | 
portion of light a wiil be transmitted through it, and another portion 
(1—a) will be reflected from it. The brightness of the light reflected 
from the mirror is equal to H(1—a), where H denotes the ‘‘normal”’ 
brightness of the retina at a, for the case of light incident directly on it. 
The cross section of the bundle of rays emitted from a at the place 
where they enter the eye B is 


(h—g)? 
aa 


Since only the portion a of the light goes through the plate (or plates), 
the brightness as seen by the observer is 
J(h-9)? 
R.h? 
which also has its maximum value for a =1/2, in which case it becomes 


J-(h—g)? 
1 ar syahere: ale 
ey 


H .a(1—a) 


provided 
I(h—9? 


Pee 


This condition will usually be satisfied for normal eyes, because, as a 
rule, the pupil J of the illuminated eye will be smaller than the pupil 
R of the observer’s eye. When the pupil J is artificially dilated with 
atropin, this will not be the case, and then the apparent brightness is 
simply H/4. The method of observation with a mirror with a hole in 
it is better in this last case, because then the brightness is given by the 
above expression, provided 


and 
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When normal eyes are examined without the use of atropin, the 
same brightness might be obtained by means of both methods of 
illumination, provided the pupils of the two eyes did not alter their 
sizes. But the silvered mirror reflects on the whole more light into the 
illuminated eye and causes the pupil to contract more; so that under 
these circumstances the transparent mirror may give a larger field of 
view and a greater brightness. Besides, it illuminates the visible 
surface of the retina uniformly, whereas the blurred image of the hole 
in the other type of mirror has the effect of a shadow, so that the 
illumination is greater at some places than at others. And, lastly, in 
case of the unsilvered mirror the corneal reflex is less troublesome, 
because the light reflected from the mirror is more or less polarised, 
and on being reflected from the cornea without change of polarisation, 
most of it fails to get through the transparent glass plate or plates. 

In order that the unsilvered mirror shall reflect as much as half of 
the incident light, it may consist of a single glass plate or of several such 
plates put together, only the mirror must be inclined at a suitable 
angle depending on the number of plates. For one plate the proper 
angle of incidence is 70°, for three plates it is 60°, and for four plates it 


is 56°. 
Various types of ophthalmoscopes 


1. HeLMHOLTz’s ophthalmoscope with reflecting glass plates and concave 
lenses; shown in section and actual size in Fig. 106; and as seen from in front, 
half-size, in Fig. 107. The illustrations include an improvement in the original 
construction, which was added by the instrument-maker Rexoss and which 
consists in two rotatable discs containing the requisite concave lenses. The 
three glass plates constituting the 
mirror are designated by aa. These 
form the sloping face of a rectangular 
prism box, the bottom of which is a 
right triangle, as seen in section in 
Fig. 106. The two perpendicular 
sides of this hollow prism are made of 
metal plates, covered on the inside 
with black velvet to absorb the light 
as much as possible. The smaller one 
of the metal plates is fastened to the 
frame of the instrument in such fashion 
that it can be rotated around the opti- 
cal axis; and there is an opening in it 
corresponding to this axis. The glass 
plates are held against the prismatic 
box by a rectangular frame; and the Fig. 108 
frame itself is fastened to the triangular ea 
base of the prism by two screws ee. The glass plates are inclined to the optical 
axis of the instrument at an angle of 56°. 

Moreover, two discs bb and cc turn around an axis dd inserted in the metal 
frame gg; and each of these discs has five circular openings, four of which 
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contain concave lenses of from 6 to 13 inches focus; the fifth opening being 
left empty. These openings, one after the other, can be turned into the 
optical axis of the instrument; and thus the observer 
with his eye in the hollow eyepiece B may look 
through each of them in turn and through the glass 
plates aa. As shown in Fig. 106, the empty opening 
of the disc bb, and one of the openings with a lens in 
it belonging to the disc cc, are in position for the 
observer. The latter can therefore use any one of 
the eight lenses by itself or any combination of a 
pair of them. To keep the discs in place, each of 
them has little notches around the circumference 
which catch in the ends of two springs h. 

Of all the forms of ophthalmoscope with movable 
mirror, this original type still seems to the writer the 
best for examination of the eye with a concave lens, 
that is, with high magnification, without artificial 
dilatation of the pupil, and particularly in cases 
where the eye is very sensitive to light. The reasons 
for this opinion are the same as those given above in 
the theory of illumination by transparent glass plates. 
When a healthy eye is inspected through this 
instrument, it can stand the illumination for hours 
at a time without being blinded. The author himself 
has often showed his retina to twenty students in 
succession and not felt any discomfort; whereas with 
a silvered mirror the patient cannot bear the illum- 
ination for five minutes without being blinded by 
it. And therefore for most physiological experiments 
the writer prefers this type of instrument to other forms. On the other hand, 
for clinical purposes a larger field and more brightness with less magnification 
are generally desirable; and so for observations of that kind the silvered mirror 
with a hole in it, and combinations of convex lenses, are usually employed. 

In using the ophthalmoscope above described, the observer stands or sits 
right in front of the patient, with a bright lamp at his side. A screen is adjusted 
to shade the patient’s face. First, the observer takes the ophthalmoscope, 
and, before looking through it, focuses it about at the right place in front of 
the patient’s face, turning it until the bright reflex from the glass plates falls 
on the eye. Then he looks through the instrument and sees the redly illumi- 
nated retina. Supposing he cannot at once accommodate his eye for the finer 
details of the retina, with the forefinger of the hand that is holding the instru- 
ment he turns one of the discs containing the lenses until he finds the proper 
concave lens for his purpose. In case the illumination of the retina vanishes, 
all that is necessary is to watch the reflex of the mirror in the patient’s face 
and bring it back on to the eye. 

2. Ruetre’s ophthalmoscope, with perforated concave mirror, mounted 
on a stand, as shown in Fig. 108. On around wooden base a hollow upright a 
supports a round wooden rod 6 that fits in a, and that can be raised or lowered, 
and fastened at any height by a spring on its lower end. A semi-circular brass 
holder ¢ rests on top of this rod, and can be raised or lowered with it, and 
turned to one side or the other. In this contrivance is inserted a concave 
mirror d with a hole through it in the centre. The diameter of the mirror 
is about 8 cm, and its focal length about 27 em. By means of screws which 
can be tightened or loosened the mirror can be turned around its horizontal 
diameter at any inclination. In the middle of the vertical rod a there are two 
wooden collars e and f which may be turned around a, and each of which carries 


Fig. 107. 


216, 217.] §16. Illumination of the Eye and the Ophthalmoscope 251 


a horizontal arm. 
On the arm g a 
black screen is sup- 
ported whose duty 
is partly to cut off 
the light of the 
lamp from the ob- 
server, and partly 
also, if necessary, 
to cut down the 
light reflected from 
the mirror into the 
illuminated eye; 
which can be done 
by shading a por- 
tion of the mirror 
by the screen. The 
arm h, which is a 
foot long and grad- 
uated in_ inches, 
carries two up- Fig. 108. 

rights z and k which 

can be shoved 

either way on the horizontal arm. These uprights are supports of lenses, 
convex or concave, according to circumstances, which can be adjusted at 
the right height; the business of the lenses being to produce a distinct image of 
the fundus of the patient’s eye (A) for the observer (B) to see. The illustra- 
tion shows how it is done. 

The instrument is not well adapted for observations with concave lenses, 
which in clinical practice at any rate are perhaps used less frequently ; because 
the two eyes cannot be brought close enough together to see more than a very 
small field. On the other hand, the instrument seems to be very convenient 
for clinical observations with convex lenses; especially if an assistant is present 
to adjust the patient’s head so that his pupil is at the focus of the light. By 
using a second convex (ocular) lens (which, however, should perhaps be 
inserted behind the mirror), a sort of little telescope can be constructed which 
will give a higher magnification. The brightness is very great with this instru- 
ment; but it does not permit of observing the image formed on the retina. 

3. EpxKens’ ophthalmoscope, with plane perforated mirror, mounted on a 
stand; as modified by DonpErs and van Trict. The complete instrument is 
shown in plan in Fig. 109, and in elevation in Fig. 110. The mirror D, shown 
by itself in Fig. 111, is a silvered plate of glass with the silvering removed at 
the centre, making a hole of about the diameter of the pupil. Subsequently, 
Donvers had a hole made in the mirror, as in Coccius’ method, so as to 
prevent the light coming to the observer from being diminished by reflection. 
The mirror is mounted inside of a cubical box HE and can be turned by the 
screw F. The eye to be examined is adjusted at N, and the observer’s eye 
opposite to it at O. Here there is a disc with a set of lenses similar to that 
added to the HeLMHoLTz instrument by Rexoss. The lenses used by Don- 
DERS were three convex lenses of focal lengths 20, 8 and 4 cm, and three con- 
cave lenses of focal lengths 16, 10 and 6 cm. 

In Epxens’ original instrument the cubical box was connected with a 
conical tube, and a lamp placed at the end of it where the micrometer M 
isnow. If necessary, a convex lens may be inserted in the end of the tube with 
its focal point not far from the lamp, so that for any one looking in the instru- 
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ment the entire surface of the lens appears luminous, and thus a larger area of 
the retina is illuminated. The entire apparatus attached to the upright rod A 
can be adjusted at the proper level. A circular disc, painted black to cut 
off superfluous light from the lamp, is inserted at K; and a piece of oilcoth LL 
is suspended on the lower side of the instrument from the bar Z, to hide the 
observer’s face from that of the patient. 


+I c 


Fig. 109. 


However, as it was difficult to examine patients for the correct movements 
of their eyes, the apparatus was made more flexible by DonprrRs and VAN 
Trict.” The tube was contrived so that it could be turned in a ring C; and the 
box*#E could be turned around the axis determined by the screws b and c. 
The lamp was separated from the instrument. At the end of the tube G a 
micrometer gauge was inserted, the opposite points of which were imaged in 


Fig. 110. Fig. 111. 


the patient’s eye when it was accommodated properly. Accordingly, the 
micrometer could be moved by means of the tube G which slides over the 
tube B. By turning the micrometer screw V, the distance between the points 
can be altered and measured. If n denotes their distance apart and « their 
distance from the anterior nodal point of the patient’s eye, then the distance 
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between the images of these points on the retina is 
n 
y= eB X15 mm, 


where the distance of the posterior nodal point from the retina is put equal 
to 15 mm. 

By inserting a drawing device in the opening at O such as is used in micro- 
scopes, and marking on it the intervals between the two micrometer points 
and the positions of the blood vessels, etc., on the retina, the real dimensions 
of these, and of similar details on the retina, may be ascertained. 

Subsequently, Donprrs inserted another micrometer, this time in the 
tube B, to be used with near-sighted eyes. In the mouth of this tube he also 
fitted a conical attachment for the reception of a convex lens of larger dia- 
meter; enabling the observer to obtain a more widely illuminated field in the 
eye In examinations with pupils dilated by belladonna. 

The instrument is intended especially for examination of the retina with 
a concave lens. Besides being convenient and easy to use, it is very accurate 
and reliable for investigating and measuring retinal images and the more 
minute details in the fundus of the eye. SarMAnn’s portable ophthalmoscope 
is similar in construction. Imagine that the tube of EpKENs’ instrument has 
shrunk until it is just a mere offset in the side of the box, and that the solid 
stand is removed, and, finally, that, instead of the dise with the lenses, a device 
is used for holding one lens at a time; the result will be SammMAnn’s ophthal- 
moscope. 

4. Coccius’ portable ophthalmoscope (Fig. 112), in which a plane 
silvered mirror with a hole in it is employed, and a lens for illumination. The 
side of the small rectangular mirror is about 
3 cm long; and the diameter of the central 
hole is less than half a centimetre. The 
edge of the hole on the side of the illuminated 
eye is beveled a little. The mirror is fastened 
to a thin brass plate which is attached be- 
neath to the upright rod b. The lens ordi- 
narily used is about 5 inches in focus, but 
it can be removed and another lens sub- 
stituted if desirable. Its position with 
regard to the mirror can be firmly secured by 
screwing up the handle e until it clamps the 
horizontal arm d that carries the upright 
support for the lens. The instrument can 
be taken apart and put away in a little box. Fis. 112 
Like Rurerr, Coccrus used a concave lens St 
as well as a convex lens between the mirror and the lamp. But the concave 
lens is disadvantageous on account of the reflex, and subsequently several 
concave lenses were provided which could be shoved in on the back side of the 
mirror as needed. This ophthalmoscope is very useful for oculists on account 
of its compactness and transportability. The examination can be made 
conveniently either with convex lens as in Rurrsr’s instrument or with concave 

ens as in EPKENS’. 

5. ZEHENDER’s portable ophthalmoscope, with convex perforated metallic 
mirror and lens for illumination, with holder similar to that of Coccrus. The 
only essential difference between this instrument and the one just described is 
that a convex metallic mirror of about 6 inches radius is used here instead of 
a plane glass mirror. By adjusting the convex lens nearer to the convex mirror 
or farther from it, the focal length of the reflecting system can be varied 
according to circumstances. Another real advantage, in the author’s opinion, 
is in having a metallic mirror, so that the rim of the peep-hole is thin and black 
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and smooth. In using a perforated mirror and a concave lens to obtain the 
maximum brightness only half of the bundle of rays coming from a point on 
the retina can enter the observer’s eye, unless the pupil of the illuminated eye 
is more than twice as large in area as that of the observer’s eye; as the writer 
has proved. Hence, as a rule, part of the pupil of the observer’s eye is neces- 
sarily covered by the edge of the hole in the mirror, so that a part of this edge 
is right in front of his eye. Consequently, it is a good thing to avoid having 
anything in this edge that might reflect light, and this is accomplished with 
ZEHENDER’s metallic mirror much better than with Coccrus’ glass mirror. 

6. MryeErstTein’s prism ophthalmoscope. In place of a metallic mirror 
a rectangular prism is used in this instrument, the light being reflected from 
the hypotenuse face. The observer looks through a hole in the prism. 

Subsequently, MEYERSTEIN used an illumination lens in conjunction with 
the perforated prism, a small telescope being inserted between the prism and 
the observer’s eye. Eventually, to reduce the cost, the prism was replaced by 
a perforated mirror. The writer believes also that the use of the prism proved 
to have more disadvantages than advantages. There is an attachment by 
which the whole apparatus can be fastened to the border of the patient’s eye; 
together with an arm in two links that carries a wax candle for illumination. 
Since the patient’s eye is completely screened from external light, the instru- 
ment can be used in a brightly lighted room. By inserting or removing the 
ocular lens of the little telescope, the optical system can be adapted. to 
emmetropic or ametropic eyes. 

7. Utricu’s ophthalmoscope. In this instrument the essential features 
of Rurtn’s apparatus are combined on a portable tube which has a lateral 
attachment for holding the light 
used for illumination. 

The following results of 
observation of normal eyes with 
the ophthalmoscope may be men- 
tioned. With strong illumination 
(with silvered mirror and convex 
lens) the fundus of the eye 
appears red; except where the 
optic nerve enters, and there it is 
bright white. The blood vessels 
of the retina, originating from the 
centre of the white optic nerve, 
are conspicuously prominent on 
the red background. The arteries 
can be distinguished by their 
lighter red colour and by a 
ae stronger light reflex from their 

6 surface. In between the blood 

Fig. 113. vessels the fundus of the eye 

appears in some places bright 

: } red and elsewhere brown, de- 
pending on the amount of pigment. Often the blood vessels of the choroid 
can be discerned, as illustrated in Fig. 113, especially in the more peripheral 
parts. The picture shows the appearance of the optic nerve. Branches of the 
retinal artery are indicated by aaa, and of the retinal vein by bbb; and between 
them can be seen the much wider blood vessels of the choroid. The latter 
are not always equally clear. In most eyes the pigment layer over these 


vessels is so thin that they stand out in contrast to the more highly pigmented 
intermediate places. 
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With increased illumination there is no very striking change in the appear- 
ance of the fundus of the eye except at the place where the optic nerve enters. 
Apparently, at this place a relatively large amount of light gets through the 
pigment layer of the choroid, and being reflected from the sclerotica, comes 
back again. The experiment described in §10 by which the image on the 
retina can be seen in the inner angle of the eye, and also the entoptical appear- 
ance of the choroid figure as seen by light that penetrates the sclerotica, show 
that right much light can get through the coatings of the eye. This portion 
of the returning light, due to reflection in the choroid and sclerotica, may be 
fairly uniform all over the fundus of the eye, even when the brightness of the 
retina itself varies considerably. 

On the other hand, with weaker illumination (with glass plates), the parts 
of the fundus of the eye in the vicinity of the optic nerve are particularly 
bright, the brightness diminishing uniformly from here out towards the 
periphery of the retina. But the place of direct vision is especially conspicuous 
by its lack of brightness and a more yellowish colour than that of the immed- 
iate surroundings; which is not the case with high illumination. The reason 
may be that with feeble illumination the amount of light that goes back and 
forth through the pigment layer is scarcely noticeable, and so the perceptible 
reflex is due mainly to the parts of the retina, especially its blood vessels, that 
are missing in the yellow spot. In both modes of observation this latter 
place appears as a tiny bright spot transversely oval in shape. Coccrus, who 
discovered it, attributed the appearance to the reflex from the sides of the 
foveal indentation; and DonpeErs afterwards proved directly that this little 
reflex of light is at the place of direct vision. For this experiment a plane 
mirror has to be used with a concave lens behind it (DonpERS-EPKENS or 
Hertmuoutz). The fixation mark may be a lamp-flame or the micrometer 
tips in DonpERs apparatus. The eye to be examined is directed towards the 
image of this object in the mirror, pains being taken to see that it can accom- 
modate for it so as to see distinctly some definite point of the object. Under 
these circumstances the observer sees a perfectly sharply delineated inverted 
image of the object focused on the retina of the other person’s eye and the 
reflex of the fovea at the place where the image is most clear-cut. In case this 
reflex is too faint to be seen at first, it can easily be found by making the sub- 
ject turn his eye first to one part of the fixation-target and then to another; 
and the tiny reflex will move about on the retina in response to these minute 
motions of the eye. ange 

For testing the exactness of the retinal image, the micrometer device is 
useful which DonpErs added to EpKens’ ophthalmoscope. The author uses 
for this purpose in his instrument a horizontal thread in front of the light as 
object of fixation; because with this opththalmoscope the several reflecting 
surfaces produce multiple images of a narrow vertical line. When the illumi- 
nated eye is sharply focused on the object, the image on the retina also is 
very neat. With any variation of accommodation it becomes vague. Indeed, 
a delicate object is not at all necessary to observe the variation of the image 
with varying accommodation. Provided the eye in question 1s not near- 
sighted, it is sufficient to watch the retinal image of a distant light while the 
patient accommodates for far or near vision in the same line of sight. With 
accommodation for far vision, the image of the distant light also appears 
distinct ; but with accommodation for near vision, it gets hazy. Usually at the 
same time the details of the retina vanish also unless the observer, with the 
help of his own accommodation, can follow the new position of the image; and 
then he has to use another concave lens to be sure that a blurred image of the 
distant light is projected on the distinctly visible retina. The experiment may 
be varied too by causing the patient to fixate a distant object permanently, 
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while the light itself is brought near the eye, enabling the observer to verify 
that the image of the near light is blurred. 

From the most ancient times the brilliant appearance in the dark of the 
eyes of certain animals, as, for example, dogs and cats, had been observed." 
In many creatures a portion of the fundus of the eyeball, covered with thin 
fibres or lamellae, has no pigment and presents an iridescent appearance. 
This is called a tapetum, which under favourable circumstances is_ easily 
visible. An old idea that was widely prevalent was that such eyes were 
indeed self-luminous, the luminosity being developed by the animals them- 
selves, especially when they were excited; and so there was a disposition to 
attribute this alleged development of light to the action of the nervous system. 
This ocular luminosity in the case of animals is most striking in a dark room 
when light coming from behind the observer goes close past his head to the 
eye of the animal; and for this very reason the actually incident light might 
often be hidden from the spectator. The eyes of white rabbits that are devoid 
of pigment and of albinos generally ought to shine in the same way by internal 
light. Prevost? was the first to show that the so-called shining of animal 
eyes never occurred in complete darkness and is not produced either arbi- 
trarily or by emotion, but is invariably due to reflection of incident light. 
GRvuITHUISEN® found the same result independently and showed that the 
tapetum, together with a certain ‘extraordinary refraction” in the crystalline 
lens, is responsible for the phenomenon. He saw this glow even in the eyes of 
dead creatures. These facts were verified by Rupouput1,‘ J. MULumr,° Essmr,® 
Tippmann’ and HassenstrIn.’ It was Rupourut who pointed out that it is 
necessary to look in the eye in a particular direction to get this luminous effect. 
Esser gave the right explanation of the origin of the colour as being due to 
seeing variously coloured parts of the retina through the pupil. Lastly, 
HassEenstEIN found that the glow occurred when the eye was compressed in 
the direction of its axis, and conjectured that it is also produced arbitrarily 
by living creatures who possess an ability of contracting the axis of the eye. 
Thus, the luminosity was admitted to be a reflex phenomenon, but the con- 
ditions of its shining or not were not made clear. 

In the case of the human eye, the luminosity had not been noticed formerly 
except in rare kinds of disease, particularly in connection with swellings in the 
fundus of the eye. Brur?® observed it even when the iris was gone, and found 
that the observer had to look in the diseased eye in a direction almost parallel 
with the incident rays. This is the fundamental condition in Britckn’s 
method of observing the luminosity of the eye. The ocular glow when the iris 
is absent is striking, because the illumination of the retina is much greater 
in such cases; and, besides, the power of accommodation of the eye is lost. 

Finally, W. Cummine” and Bricker", independently of each other, dis- 
covered the way of making healthy human eyes appear luminous, the observer 
looking almost parallel to the incident light. Bricker had already used the 


1 ¥See, for example, Puiny, Book XI, Chap. 55. (J. P. C.S.) 

2 Biblioth. britannique. 1810. T. 45. 

5 Beitrage zur Physiognosie und Eautognosie. S. 199. 

4 Lehrbuch der Physiologie. I. 197. 

> Zur vergleichenden Physiologie d. Gesichtssinns. Leipzig 1826. S. 49. — Handbuch 
d. Physiologie. 4. Aufl. I. 89. 

6 Kastnurs Archiv fiir die gesamte Naturlehre. Bd. VIII. 8. 399. 

7 Lehrbuch der Physiologie. S. 509. 

8 De luce ex quorundam animalium oculis prodeunte atque de tapeto lucido. Jena 1836. 

®Hecxers Annalen. 1839. I. 8. 373. 

10 Medico-chirurgical Transactions. XXIX. p. 284. 

uJ. MULiERs Archiv fiir Anat. u. Physiologie. 1847. S. 225. 


222, 223.] §16. Illumination of the Eye and the Ophthalmoscope 257 


same method previously in studying animal eyes that had a tapetum. Wuar- 
ton Jones! states that about the same time Basspacr had showed him a 
silvered glass mirror with a bit of the silver removed, intended for throwing 
light into the eye and looking through the aperture. This device suggests 
immediately Coccrus’ ophthalmoscope; but as BaBpace does not appear to 
have used any lenses in conjunction with his mirror, the most that can be said 
about his procedure is that he was able to obtain some notion of the parts 
of the retina in an unusual way. Probably, this is why he did not publish an 
account of his contrivance at the time. 

The other aspect of the question, that is, why the parts of the retina, even 
when they are illuminated, as, for example, in animal eyes with a tapetum 
and in eyes of albinos, cannot be recognized by the observer, has frequently 
been discussed. As long ago as the beginning of the eighteenth century, 
Méry? noticed in the case of a cat immersed in water that the eyes were not 
only luminous, but the blood vessels of the retina could be discerned. La 
Hirw’ gave the correct explanation of this latter fact. He was aware that the 
refraction of the rays had to be altered in order to make the eye appear lumi- 
nous, but he did not know how to give any more complete explanation. The 
same was true of KussMAvt,' who shows that the retina will be bright and 
recognizable, provided both the cornea and lens are removed, or provided 
some of the vitreous humor is taken out so as to shorten the axis of the eye. 

So far as the author is aware, he was the first® to make clear the connec- 
tion between the directions of the entering and outgoing rays, and to discover 
the real reason of the blackness of the pupil, and hence also the principle of 
the construction of the ophthalmoscope. For illumination he used plane 
unsilvered glass plates, and for studying the retina a concave lens. On the 
other hand, TH. Rurrer was the first to use a perforated mirror and the 
method of observation with a convex lens. The new instrument quickly 
assumed extraordinary importance in ophthalmology, and consequently a 
great number of different types of ophthalmoscope were designed, the most 
characteristic of which have been described. But no essentially new prin- 
ciples for the illumination or investigation of the retina are contained in any 
of these constructions. 

The theory of the illumination of the eye and of the ophthalmoscope as 
given above by the author has not been modified in any essential respect. 
The improvements which SteLLwae von Carrion has endeavoured to make 
in it are not improvements in the author’s opinion. This ophthalmologist, 
sincerely desirous of employing the principles of physics in his own science, 
was led into errors by the fundamentally incorrect ideas as to the intensity 
of illumination and brightness that were ‘current in previous works on these 
subjects. 
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Supplement 


The form of ophthalmoscope that has finally been most generally 
adopted by ophthalmologists is one that resembles most the Coccrus 
or ZEHENDER instrument described above, except that, instead of a 
plane or convex mirror in conjunction with a convex lens for illumina- 
tion as used in those constructions, a concave mirror, 1 inch in diameter 
and of 5 or 6 inches focus, without any convex lens, has been sub- 
stituted. The mirror is sometimes made of metal, having the advan- 


224.) §16. Illumination of the Eye and the Ophthalmoscope 259 


tage of a better aperture with sharp, non-reflecting rim; or else it is 
silvered on glass with a hole in the centre. In the latter arrangement 
the surface of the mirror is better protected against injury. But it has 
a disadvantage, especially in the method of observation with erect 
image; because the edge between the reflecting surface and the aperture 
cannot be made as small and sharp as with a metal mirror. 

Coccius’ method of observing the fundus of one’s own eye is 
described in the second part of this work. Any perforated mirror 
will do for this purpose, but a convex mirror is best. Another autoph- 
thalmoscope, by which the left eye examines the illuminated retina 
of the right eye, has been described by F. Heymann. Light enters 
the right eye through a hole in a plane mirror; and the left eye looking 
towards the hole in the mirror sees the reflected image of the right 
eye. In front of the right eye, as in Ruets’s ophthalmoscope, a 
convex lens (of about 2 1/4 inches focus) is placed with its focal 
point in the pupil of that eye. This lens produces an inverted image 
of the retina at its focus. Behind this image there is a reflecting 
rectangular prism which deflects the rays towards the perforated 
mirror. Two other convex lenses, one between prism and mirror, and 
the other in front of the left eye, form a kind of little bent telescope; 
through which the left eye sees the image of the retina of the right 
eye, and which also makes it impossible for both eyes to be accommo- 
dated for the hole in the mirror at the same time. In order to vary 
the position of the place on the retina that is under observation, 
HeEyYMANN inserts also in front of the observing eye a prism spectacle 
glass of variable power, whose refracting edge can be turned in different 
directions. 

Giraup Truton’s binocular ophthalmoscope is described in the 
third part of this book. 
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Note by A. Gullstrand 


“Die von mir aufgestellte Theorie des Augenleuchtens und der 
Augenspiel hat keine wesentlichen Veranderungen erfahren.” These 
words of Hrtmuoutz are still true today. Undoubtedly, the 
construction of the instrument has been essentially improved and its 
region of application essentially extended. The ophthalmologist who 
uses the ophthalmoscope every day not only for the most subtle 
diagnoses of diseased conditions of the fundus of the eye, but also 
for investigating the ocular media, and, in various ways, for finding 
the refraction of the eye, knows best how to estimate HELMHOLTz’s 
immortal service to mankind. 

This is not the place to describe these methods and their results; 
but the solution of one problem may be mentioned briefly which 
could not have been even proposed at the time when the ophthalmo- 
scope was invented. The photography of the fundus of the eye, which, 
thanks to the sensitiveness of modern dry plates, is no longer impractic- 
able, affords useful results at present which we owe chiefly to the work 
of Dimmer! in this field. The main difficulty to be overcome was 
to get rid of the corneal reflex of the source of light. Since one part 
of the pupil is used for the light that illuminates the fundus of the 
eye and another part for the passage of the light that is diffusely 
reflected from the fundus, the external incident light that is reflected 
from the cornea may be suitably intercepted. On similar principles 
THORNER’ has constructed a stationary reflex-free ophthalmoscope, 
and Wotrr’ has constructed a portable electric ophthalmoscope. 
Both of them have photographed the fundus of the eye. 


1Fr. Dimmer, Die Photographie des Augenhintergrundes. Wiesbaden 1907. 

2>W. TuornerR, Die Theorie des Augenspiegels und die Photographie des Augenhinter- 
grundes. Berlin 1903. 

*H. Wotrr, Zur Photographie des menschlichen Augenhintergrundes. Arch. fiir Augen- 
heilk. LIX. 8.115. 1908. 


Appendices to Part I 
by 
A. Gullstrand 


I. Optical Imagery 


When HeLMHOLTZ’s original contributions were published on the 
Dioptrics of the Eye, the characteristic conception of optical imagery 
that was current at that time assumed that rays of light emanating at 
a point were reassembled approximately at another point, and that 
thus a certain point of the image was associated with a definite point 
of the object. This conception continues to be very widespread at the 
present time, although it cannot be reconciled with actual facts as now 
known. It was well understood that in no single instance were rays 
of light emanating from a point on the axis of a centered optical system 
completely reunited at one point, but that an aberration occurs or an 
error, depending partly on the different refrangibility of rays of 
different wave-lengths, the so-called chromatic aberration, but mani- 
festing itself also in case of monochromatic light, and known then as 
the spherical aberration because it depends on the form of the refract- 
ing surface and because formerly only spherical surfaces were used. 
Students of optics were aware also that a point of an object which was 
at a considerable distance from the axis of the instrument was not 
reproduced as a point, since the corresponding bundle of refracted rays 
is astigmatic; and they had the formulae for calculating this astig- 
matism. The constitution of an oblique bundle of refracted rays and 
its lack of homocentricity continued, however, to be just as unknown 
as the general laws of optical imagery themselves; since they took 
account only of those rays proceeding from a point of the object which 
were in the meridian plane and in a plane perpendicular to this plane, 
although such rays constitute an exceedingly small portion of the 
total rays concerned in the optical effect. Thus finding it impossible 
to investigate the actual imagery in this way, and without knowledge 
of the general laws, they invented a system, whereby ABBu, for ex- 
ample, omitting all reference to the actual facts in the case of refraction 
of light, sought to ascertain the purely mathematical conditions of the 
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imagery of one space in another in such manner that every point and 
every straight line in one region were reproduced by a corresponding 
point and a corresponding straight line in the other region.! These 
conditions were in harmony with the known laws of optical imagery 
in the case of an infinitely small object situated on the axis of a centered 
system provided with an infinitely narrow stop. The theory of 
collinear imagery applied to objects of finite extent and stops with 
finite apertures, which is the basis of the expositions still to be found 
in modern text-books, constitutes therefore an essentially arbitrary 
extension of the region of validity of these laws, inasmuch as a system 
of fictions had to be introduced in place of the real undiscovered laws. 
Of course, the realities can be represented as aberrations or deviations 
from the ideal relations of collinear correspondence provided we 
remember always that the ideal cannot be realized; but in making use 
of fictions there is the continual and serious danger of overstepping 
the border between what is true and what is nearly true. This one 
thing alone might show the advantage of a direct study of the facts 
themselves as soon as such a study had become possible through the 
ascertainment of the laws in question. 

The reason why the laws of actual optical imagery have been, so 
to speak, summoned to life by the requirements of physiological 
optics is due partly to the fact that by means of trigonometrical 
calculations, tedious to be sure but easy to perform, it has been 
possible for the optical engineer to get closer to the realities of his 
problem. Thus, thanks to the labours of such, men as ABBE and his 
school, technical optics has attained its present splendid develop- 
ment; whereas with the scientific means available a comprehensive 
grasp of the intricate relations in the case of the imagery in the eye 
has been actually impossible. 

The necessary reorganization of the theory of optical imagery could 
not be interwoven with the most recent investigations because the 
latter had been worked out principally in two dimensions, whereas 
the general imagery-problem is-three-dimensional. Ever since the 
general investigations of Sturm? and Hamitron,? it sufficed to 
determine the constitution of a bundle of rays in terms of magnitudes 
of the first and second order, without, however, keeping in mind the 

1 {See J. C. Maxwext, On the General Laws of Optical Instruments. Quart. Journ. 


Pure and Appl. Math., Il, 1858, 233-246; also Maxwe.u’s Scientific Papers, I., 271-285. 
(CER Gs 1339) 

> Cu. Sturm, Mémoire sur optique. Journ. de Math. pures et appliquées. 1838. — 
Mémoire sur la théorie de la vision. Comptes rendus del’ Acad. des sc. t. XX. 1845. 

*W. R. Hamitton, Theory of systems of rays. Transactions of the Royal Ir. Acad., 
vol. XV. 1828. Supplements in vol. XVI. Part 1. 1830; vol. XVI. Part 2. 1831; vol. 
XVII. 1837. 
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conditions of validity of the laws that were ascertained by use of these 
magnitudes. Srurm discovered that all the rays of a bundle go 
approximately through two mutually perpendicular focal lines, 
provided the aperture of the bundle is infinitesimal as compared with 
the distance of the focal lines from the stop and from each other. But 
in oblique incidence of light in optical instruments the latter condition 
is not even approximately the case, and in the case of the eye the 
so-called astigmatic difference is as a rule less than the diameter of the 
pupil; so that as a matter of fact the notion of these focal lines is 
fundamentally false. Hence, to begin with, it was necessary to make 
a thorough study of a bundle of optical rays in general and to discuss 
the special cases in detail taking account of magnitudes of the third! 
and fourth? orders, and not merely of the first and second orders, as 
was customary heretofore; and in place of the notion of the focal 
lines to substitute a knowledge of the precise geometrical magnitudes 
that determine the form of the caustic surface together with the posi- 
tion, dimensions and form of the narrowest section of the bundle of 
rays. In case of the peculiar complicated structure of a bundle of 
rays refracted into the eye, a special investigation was necessary 
of the so-called circular points (umbilies)’ of the refracting surfaces 
and the corresponding bundles of normals. However, the aberration 
in the eye as ascertained by a study carried out in this way was found to 
be so great, and the blur circles on the retina even with the best focusing 
turned out to be so large, that the role in the imagery assigned to the 
narrowest cross section of the bundle cannot possibly be correct. 
This can easily be shown by taking a double convex lens of wide 
aperture and using it to focus on a screen the image of the filament of 
an incandescent lamp. The sharpest image of the filament is obtained 
when the lens is focused so that the image appears to be surrounded by 
a veil; whereas the image is decidedly inferior when the lens is focused 
so that the veil disappears, although in the latter case the image is 
produced by using the narrowest section of the ray-bundle. This 
shows that the light-distribution inside the section of the ray-bundle 
is of primary importance, whereas the dimensions of the section are of 
secondary importance. In place of the approximate measures of the 
dimensions of the narrowest cross sections as found by series-develop- 
ment, it was all the more necessary to substitute the precise geometrical 
magnitudes that determine the form of the caustic surface; because it 
is the section of this surface that controls the distribution of the light 


1A. GuLusrranp, Beitrag zur Theorie des Astigmatismus. Skand. Arch. f. Physiol. 


Bd. II. 1890. 8. 269. 

2Idem, Allgemeine Theorie der monochromatischen Aberrationen und ihre niichsten 
Ergebnisse fiir die Ophthalmologie. Nova Acta Reg. Soc. Sc. Ups. Ser. III. 1890. 

3A. Guiustranp, Zur Kenntnis der Kreispunkte. Acta Mathematica. 29. 1904. 
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within the section of the ray-bundle. Another point necessarily 
connected with the matter just mentioned involves a revision of the 
conception of the function of the stop. The main business of the 
stop, according to the old view, was to cut out the rays, and hence it 
had to be considered as infinitely narrow, which is a fiction with no 
reality at all; because with an infinitely narrow stop diffraction- 
phenomena would completely mask the image-appearances. Least 
of all can this fiction be employed in the case of the eye, where it 
becomes ridiculous in consequence of the actual size of the stop. 
Inasmuch as the problem requires us to postulate a stop of arbitrary 
size, the only exact means of investigating the effect of the stop is 
by the method of optical projection through the centre of the stop. 

These were the main considerations that led to the investigation of 
optical imagery! by ascertaining the fundamental equation from 
which the general laws thereof are derived. Since the medium of the 
crystalline lens of the eye is not homogeneous, the laws of optical 
imagery in heterogeneous media? had finally to be studied also before 
the optical imagery in the eye could be made a subject of thorough 
investigation. 

At present the writer will endeavour to give here only such portions 
of the theory of optical imagery as are required to comprehend the 
imagery in the eye, but in order not to obscure the results by mathe- 
matical intricacies the analytical processes will be entirely omitted. 
Those details can be found in the contributions to which reference has 
been made and, so far as some of the simpler questions are concerned, 
partly also in other articles? where the writer has taken pains to make 
the subject as clear as possible for such readers as are not acquainted 
with infinitesimal or differential geometry. 


General Laws. In the mathematical theory of the laws of optical 
imagery two experimental facts are necessary and sufficient, namely, 
the rectilinear propagation of light in isotropic media and the general 
law of refraction. From the latter, by mathematical deduction, it can 
be proved, that through each point on any ray of an originally homo- 
centric bundle of rays a surface can be constructed which cuts all the 


1Idem, Die reelle optische Abbildung. Kungl. Sv. Vet. Akad. Handl. Bd. XLI. No. 
3. 1906. 

2 Idem, Die optische Abbildung in heterogenen Medien und die Dioptrik der Kristal- 
linse des Menschen. Ibid. Bd. XLIII. No. 2. 1908. 

3 Die Konstitution des im Auge gebrochenen Strahlenbiindels. Arch. f. Ophth. LILI, 2. 
1901. S. 105 — Uber Astigmatismus, Koma und Aberration. Ann. d. Physik. 4. Folge. 


18. 1905. 8. 941. — Tatsachen und Fiktionen in der Lehre von der optischen Abbildung. 
Arch. f. Optik. I. 1907. S. 2. 
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rays orthogonally, and also that the optical length along any ray 
between two such surfaces is the same for all the rays of the bundle. 
If the lengths of the different portions of the ray-path in each medium 
are multiplied by the corresponding values of the index of refraction, 
what is meant by the optical length along the ray is the sum of these 
products. In this form the general law of refraction is found to be 
valid also for anisotropic or ‘‘heterogeneous” media, where we have 
curved paths of light, so-called trajectories, instead of rays; and 
where the optical length is expressed as a definite integral. In either 
case the surfaces which are drawn at right angles to the directions of 
propagation of the light are commonly called wave surfaces, whose 
normals in the case of isotropic media are identical with the rays 
of light, but in anisotropic media of continuously variable index are 
tangent to the trajectories along which the light is propagated. In 
general, therefore, the investigation of the convergence of the rays 
amounts to an investigation of the constitution of a bundle of normals 
to the wave surface, which in turn depends on the form of the surface 
in question. However, except in a few simple and practically unim- 
portant cases these surfaces cannot be represented by useful algebraic 
equations, and thus it becomes necessary to investigate the surface in 
the immediate vicinity of some selected point, and the bundle of rays 
in immediate proximity to a certain special ray. The bundle of rays 
which emanates from a point of the object contains one ray which 
in the stop-space goes through the centre of the stop, and which is 
therefore called the chief ray of the bundle. Thus, the totality of these 
chief rays, each proceeding from one point of the object, constitutes 
a homocentrie (or monocentric) bundle of rays in the medium where 
the stop is, which behaves exactly as if the light radiated from the 
centre of the stop. Precisely as we have to investigate a bundle of 
rays in the immediate vicinity of a selected ray, so also the imagery 
of an object can be studied only in the immediate vicinity of a selected 
object-point. The chief ray belonging to this selected object-point 
is called the central ray or guide-ray. The laws of optical imagery are 
found by investigating the central bundle of object-rays and the 
bundle of chief rays in the immediate vicinity of the guide-ray, and 
also by investigating the bundle of contiguous object-rays in the 
immediate vicinity of the chief rays in question; and are called the 
laws of the first order or of a higher order according as they are obtained 
by one or more derivations (or differentiations) from the general law 
of refraction. By reason of the complexity of the problem only the 
laws of the first order are applicable in the general case, so that when 


19See Volume II, §19. (J. P. C.S.) 
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the object is an extended one the formulae in question have to be 
applied to as many arbitrarily selected guide-rays as are necessary in 
order to obtain a correct idea of the imagery that is involved. 

The laws of the first order in regard to convergence of rays are 
derived from the general constitution of a bundle of optical rays by 
employing Sturm’s formulae; which enable us to find the magnitudes 
that determine the wave surface of the bundle of refracted rays, 
provided the refracting surface and the bundle of incident rays are 
given. A characteristic property of a bundle of optical rays con- 
sidered as normals to the wave surface is, that, in general, any given 
ray of the bundle will be intersected by contiguous rays in one point 
(which is a singular or special case) or else in two separate points 
(which is the rule). Thus along any particular ray chosen at random, 
the bundle of rays is ordinarily astigmatic and has therefore two 
focal points (or image points)!; whereas in case the two focal points 
are identical, the bundle of rays is said to be anastigmatic along this 
ray. Designating one of these points as the primary focal point, we 
may speak of the plane containing the contiguous rays that meet 
the given ray in this point as the primary principal section of the 
bundle of rays with respect to the ray in question; and of the line 
perpendicular to the primary principal section at the primary focal 
point as the primary focal line. Similarly, contiguous rays lying in 
the secondary principal section of the bundle with respect to the given 
ray, that is, in the section perpendicular to the primary principal 
section, will meet this ray in the secondary focal point; and the secon- 
dary focal line will be a line perpendicular to the secondary principal 
section at the secondary focal point. Thus in a bundle of rays which is 
astigmatic with respect to a certain ray the contiguous rays that 
meet this ray are all contained in one or other of the two principal 
sections; whereas if the astigmatism vanishes along this ray, so that 
the two focal points are coincident, all the contiguous rays (neglecting 
magnitudes of order higher than the first) will intersect the ray in 
question. 


1 |The only satisfactory rendering of the German word “Fokalpunkte” is “focal point,” 
as meaning simply a point of intersection of a lot of rays of a bundle. Thus, any pair of 
so-called “conjugate” points is in this sense a pair of “focal’’ points. But “the focal points 
of an optical system” (for which the Germans have the special word Brennpunkten) are 
not even a pair of conjugate points. If we call these latter (as is done to some extent in 
the translation) the “principal focal points” (Hauptbrennpunkten), there is again a possi- 
bility of confusion with the “principal points” (Hauptpunkten) of the system; which, how- 
ever, could be avoided by calling them the “unit points,” as some English writers do. The 
reader must be on his guard to distinguish between all these terms, as employed in the text; 
and also between similar expressions, as, for example, “focal distance” (Fokalabstand) and 
“focal length” (Brennweite). The term “focal planes” may be used to mean simply a pair 
of conjugate planes or to refer to the principal focal planes of the system; etc. (J. P. C. S.) 
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As a rule, both the focal points and the principal sections vary 
from one ray to another, and the loci of the first and second focal 
points are two surfaces called the first and second caustic surfaces, 
respectively; sometimes referred to also as the two sheets of the 
caustic surface. As a result of this structure of the ray-bundle, a 
convergence of all the rays at one point is to be regarded as a singular 
event, so that as a rule the idea of ray-convergence is concerned only 
with contiguous rays and occurs only on the caustic surfaces. If a line is 
drawn on a surface which cuts a bundle of rays, the totality of rays 
which meet this line constitutes what is called a ray-surface (or ruled 
surface). The way to study such a surface is along some particular 
ray just as in the study of a bundle of rays; and it follows that the 
plane containing this ray which is tangent to the ruled surface either 
revolves continuously through 180° as we proceed along the ray from 
infinity in one direction to infinity in the other, or else the tangent- 
plane remains stationary. In the former case the ruled surface is 
called a skew surface or “‘scroll’”’ with respect to the given ray; and the 
tangent-plane at the first focal point coincides with the second principal 
section with respect to the ray, and vice versa; and therefore the two 
focal lines of any given ray will ordinarily be tangent to every skew 
surface that contains this ray. However, when the tangent-plane to a 
ruled surface remains the same at every point along the ray, this 
plane coincides with one of the principal sections with respect to this 
ray; and contiguous rays of the ruled surface (neglecting magnitudes of 
order higher than the first) will intersect the ray at its focal points. 
Thus, since the ruled surface has a focal point along the given ray, it is 
what may be called a focal ruled surface (or a developable surface or 
“torse’’) with respect to this ray. At the focal point itself the tangent- 
plane is indeterminate, and therefore every plane containing the 
given ray is tangent to the ruled surface; and hence also the two focal 
lines of the ray will in general be tangent to the developable surfaces 
that contain the ray in question. If a bundle of rays is anastigmatic 
along a certain ray, every ruled surface containing this ray will be 
developable or focal with respect to it; and any arbitrary pair of 
mutually rectangular lines perpendicular to the ray at its focal point 
may be regarded as the focal lines. Thus, it follows that the general 
constitution of a real bundle of optical rays is defined by the fact that 
the focal lines of any ray, at right angles to each other and also to the ray, 
are tangent to every ruled surface containing that ray. Inasmuch as the 
so-called focal plane perpendicular to the given ray at one of its focal 
points will intersect a ruled surface in a line which may have any 
curvature, it is obvious at once that in order for this line to be con- 
sidered as the focal line at this place, the stop-opening must be dimin- 
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ished until the line in question becomes so short that it is indistinguish- 
able from a piece of any other curved line. The general constitution 
of a bundle of optical rays may be defined also by the fact that the 
two focal lines with respect to any given ray are intersected by all the 
contiguous rays (disregarding infinitesimal aberrations of order higher 
than the first); but this statement requires an explicit definition of 
what is meant by a contiguous ray. Draw the ray corresponding to a 
point on the ruled surface at a finite distance from the given ray, 
and do the same thing for points nearer and nearer the given ray; then 
ultimately the distance between the point and the given ray will 
vanish entirely, and the ray corresponding to this point will be con- 
tiguous to the given ray. But this definition will be fundamentally 
misunderstood if the conclusion is deduced that all the rays of a 
narrow bundle of finite width go approximately through two SturM 
focal lines. 

Since (neglecting infinitesimals of order higher than the first) all 
the contiguous rays of a bundle of rays which is anastigmatic along a 
certain ray meet this ray in the focal point, there occurs in this case a 
perfect ray-convergence of the first order; and the focal point is the optical 
reproduction or image of the point where the light originates. Hence, 
in case of a stop of finite aperture, the optical imagery cannot be said 
to be due to the fact that all the rays coming from an object-point go 
approximately through the image-point, but merely to the fact that 
contiguous rays intersect at this point, so that the concentration of the 
light here is infinitely great as compared with that at a point at a finite 
distance from this spot. The imagery supposed in the first case above 
is indeed mathematically correct for an infinitely narrow bundle of 
rays, but since it is physically impossible on account of diffraction 
effects to produce an optical image by such means, this imagery repre- 
sents merely an ideal dreamed of in olden times; whereas the latter 
case mentioned above describes exactly the actual process as it takes 
place. If the reality here appears to be little different from the ideal, 
the explanation is to be found in the circumstance that both in the 
eye and likewise on the photographic plate shades of brightness are of 
more importance than absolute brightness. 

The criterion of actual optical imagery is just this perfect ray- 
convergence of the first order. As is evident from the foregoing, this 
convergence of the rays is susceptible of mathematical investigation 
only along definite rays. The rays chosen for this purpose are the chief 
rays defined above. Assuming that the chief ray corresponding 
to each point of the surface of the object has been constructed 
and traced through the optical system by trigonometrical calcula- 
tion, and that somewhere in the path of the light a screen is 
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interposed, we shall obtain on it a punctual correspondence with the 
object by means of optical projection, since every point on the screen 
where a chief ray arrives is the optical projection of the point of the 
object where this ray originates, and the centre of the stop is to be 
regarded as the centre of projection. Thus, the optical projection is a 
mathematical conception which, however, may be illustrated physically 
by means of any optical system with a very brilliant object, provided 
the screen is adjusted so that the image is not sharply focused on it; 
since to every bright point of the object corresponds a bright spot of 
light on the screen, and as the opening of the stop is made smaller 
and smaller, the image will become less and less hazy. A special case 
of general optical projection is realized in the pinhole camera; wherein, 
generally speaking, every point where a chief ray meets the surface of 
a screen adjusted arbitrarily is the optical projection of the correspond- 
ing point of the object; and every section in which the screen cuts a 
ruled surface composed of chief rays is the optical projection of a 
corresponding line on the surface of the object; such that the ratio of 
the lengths of corresponding line-elements, in case they are both 
perpendicular to the chief ray in question, represents the so-called 
coefficient of linear projection. Similarly, an optical projection can be 
produced by means of a bundle of rays emanating from a point of an 
object. This can be shown physically by stretching a wire at any part 
of an optical system of wide aperture in the path of a beam of light 
proceeding from a luminous point, and observing the shadow that is 
formed on a screen set up in one of the media. If the wire is placed in 
the medium where the point-source itself is situated and revolved 
around the chief ray until its shadow on the screen is tangent to one of 
the principal sections of the bundle along the chief ray, the ruled 
surface indicated by the wire in this position is a focal or developable 
surface with respect to the chief ray in both the object-space and the 
sereen-space; since every ruled surface in the object-space is to be 
considered here as having a focal point coinciding with the luminous 
point itself. In this particular case the coefficient of linear projection 
can be replaced by the coefficient of angular projection; which is the 
ratio of the infinitely small angles subtended at the focal points of the 
developable surfaces by an element of the line projected on the screen 
and the corresponding element of the wire. 

Since anastigmatic convergence of the rays occurs generally only 
along singular (or extraordinary) chief rays, a punctual optical imagery, 
characterized by the fact that the separate points of the surface of an 
object are reproduced as points in perfect ray-convergence of the first 
order, is for a fixed position of the centre of the stop a mathematical 
impossibility ; and if there is really any such thing as a general optical 
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imagery, it is simply a question as to the imagery of single lines. 
The condition of the optical imagery of lines requires that (neglecting 
infinitesimals of order higher than the first) all rays contiguous to the 
chief rays proceeding from the various points of the object-line shall meet 
the optical projection of this line. Since in this imagery there is no other 
punctual correspondence except that obtained by optical projection, 
and since the rays emanating from a point of the object-line meet the 
corresponding image-line in different points, obviously the ratio of the 
lengths of corresponding elements of these lines depends simply on the 
optical projection; whereas the magnification-ratio of the optical 
imagery is the ratio of the lengths of the corresponding elements of the 
lines which meet the image-line and object-line perpendicularly; that 
is, the ratio of the orthogonal trajectories of image-line and object- 
line, assuming that object-surface and image-surface are both per- 
pendicular to the chief ray. Thus, the magnification-ratio is identical 
with the coefficient of linear projection of the orthogonal trajectories, 
supposing these latter could in general be projected into each other. 

The fact that there is a general imagery of lines as above explained 
is proved by the writer’s fundamental equation of optical imagery; 
and the laws thereof result as a consequence. These general laws of 
optical imagery, except for the case of grazing incidence of the chief 
rays, and also except when there are peaks and edges at the points of 
incidence, apply without reservation to any optical system with 
isotropic media of either constant or continuously variable index of 
refraction; and may be formulated as follows: 

At every point where the chef ray makes a finite angle with the surface 
of an object there are two intersecting lines on the surface, inclined to each 
other at a finite angle, which will be reproduced in the image-space by 
perfect ray-convergence of the first order, the image-surface being different 
for each system of lines. 

The tangents to the imageable lines lie entirely in the planes normal to 
those ruled surfaces which in the image-space are in contact with the , 
principal sections of the bundle of refracted rays. The tangents to the 
image-lines themselves lie in the same principal sections taken in opposite 
order. 

There is no other imagery with perfect ray-convergence of the first 
order. The only points of the system of imageable lines that are reproduced 
by points are the singular points. Singular points in these systems occur 
only when the bundle of rays after refraction in the image-space is anastig- 
matic along the chief ray; in which case the two image-surfaces have a 
point of contact. 

The magnification can be expressed only by means of the ratio of the 
distances of the image-lines to the distances of the corresponding lines on 
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the surface of the object. However, at the singular points the first term of 
the magnification is given by the ratio of the length of an element of the 
umage-line to that of the corresponding object-line; and in case of a line 
composed of singular points the magnification is represented by the ratio 
of the length of the image-line to that of the object-line. 

The product obtained by multiplying the relative index of refraction of 
the optical system by both the coefficient of angular projection and the 
coefficient of magnification is invariably equal to unity. 

The magnification-ratio at each point and the directions of the tangents 
to the imageable lines are independent of the position of the stop on the 
chief ray. 

As a rule imageries cannot be combined or compounded. If a dif- 
ferent medium is chosen for the image-space, the imageable lines will be 
altered thereby. The same thing happens when the distance between the 
object-point and the optical system is varied. 

Imageries are absolutely reversible. When the procedure of the rays is 
reversed, the original wmage-lines represent one system of imageable lines 
lying on the surface in question, whereas the tangents to the corresponding 
original wmageable lines le in the respective principal sections of the 
bundle of refracted rays. 

The optical imagery of the character thus described is a mathe- 
matical conception, postulating a fixed position of the centre of the 
stop and monochromatic light. In the application of the theory to 
actual physical combinations, it should be borne in mind therefore 
that, strictly speaking, any point in the plane of the stop can be taken 
at pleasure as centre of the stop, which will be discussed more in detail 
presently as to its important practical bearings. In case of compound 
light the chromatic differences also have to be taken into account 
besides. The latter concern not simply the magnitudes obtained by 
trigonometrical calculation that determine the path of the guide-ray, 
but also the positions of the image-lines, their orientation, and that of 
the imageable lines, and, finally, also the magnification-ratios; all 
these magnitudes, according to the circumstances of the case, being 
calculated for different kinds of light. Srurm’s formulae, which have 
been extended to include certain singular cases hitherto left out of 
account, are of service here, and in addition certain other formulae 
derived by the writer. 

If along a guide-ray the plane of incidence is a principal normal 
plane of the refracting surface, and each successive plane of incidence 
is either identical with the preceding plane of refraction or perpendic- 
ular to it, the imageries can be compounded, because the tangents to the 
imageable lines and to the image-lines lie everywhere in the plane of 
refraction and in the plane containing the guide-ray which is perpen- 
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dicular to this plane, respectively. The so-called singly asymmetrical 
systems characterized by the existence of a plane of symmetry represent 
a special case under this head that is of practical importance. 
Although in the general case, where there is no such plane, and the 
optical system is said therefore to be doubly asymmetrical, only the 
imagery-laws of the first order are applicable, complete laws of the 
second order have been deduced by the writer in case of the systems 
first named. Moreover, if the guide-ray is the line of intersection of 
two planes of symmetry of the optical system, the latter is said to be 
a symmetrical system; and under such circumstances we know also the 
laws of the third order along the guide-ray which were found originally 
by SEYDEL in the special case of a centered system consisting of spheri- 
cal surfaces. Moreover, in singly asymmetrical systems, and even to a 
greater extent in symmetrical! systems, the laws of the first order are 
considerably simplified. Again, if the optical system is comprised of 
surfaces of revolution having a common axis which passes through the 
centre of the stop, and if the surface of the object is likewise sym- 
metrical with respect to the axis, or if it is a plane perpendicular to the 
axis, the case is that of a system of revolution. Systems of this descrip- 
tion, of which a centered system of spherical surfaces is a particular 
case, have a practical importance beyond all others; for which also the 
imagery-laws become much simplified. Thus since the plane deter- 
mined by the chief ray and the principal axis is always a plane of 
symmetry, one pair of corresponding lines of object and image must 
always be in this plane and the other pair perpendicular to it; and, 
consequently, image-lines and imageable lines are always parallel 
circles and meridians; and moreover the imageries can be compounded 
along every chief ray. 

The practical bearing of this mode of classifying the systems will 
be apparent on comparing the imagery in the case of an ordinary 
magnifying glass and a bicylindrical lens. In the latter case the laws of 
a symmetrical system are applicable along the axis, and of a singly 
asymmetrical system along a guide-ray lying in one of the two planes 
of symmetry; whereas for any other guide-ray only the general 
laws in case of double asymmetry are valid. But in case of an ordinary 
magnifying glass, supposing that the pupil of the eye is on the axis of 
the lens, the special laws for a system of revolution are applicable 
along the axis, whereas along any other chief ray the laws are those of 
a singly asymmetrical system with certain special simplifications due 
to the properties of surfaces of revolution. 


Optical Imagery in a“System of Revolution. The simpler laws that 
apply to an optical system which is symmetrical around an axis may be 
obtained by elementary methods and suffice for an explanation of the 
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imagery in the case of the eye. The primary principal section of a 
bundle of rays emanating from a point of the object is the meridian 
plane determined by the chief ray and the axis of revolution; whereas 
the secondary principal section is the equatorial plane perpendicular to 
the former and also containing the chief ray. Since the ruled surfaces 
which are tangent to these planes in the object-space have this same 
relation in each successive medium, and are therefore focal throughout 
the system, the bundle of refracted rays may be ascertained by investi- 
gating these developable surfaces. The fact that also the entire image- 
process can be discovered by the study of these two ruled surfaces, 
follows at once from the general laws of optical imagery given above; 
for without them all that is really known in this case is the effect of the 
rays which happen to lie in these two ruled surfaces, and which con- 
stitute an exceedingly small portion of the total quantity of rays that 
are concerned in the imagery. 

In Fig. 114 the straight line AC is supposed to be the prolongation 
of the chief ray which is incident 
at the point A, whereas BC is the “2 e 
prolongation of another ray lying Aa 
in the meridian plane and belong- 
ing to the same bundle; and AO 
and BO are the corresponding 
normals to the refracting surface. 
The angles of incidence CAO and CBO are denoted by 2 and i+w 
respectively; and therefore 

Z AOB+i= Z ACB+it+e, 


Fig. 114. 


and hence 
w= Z AOB— Z ACB. 

Now if the point B is taken closer and closer to the point A until 
BC represents a ray contiguous to the chief ray, AC becomes finally 
the primary focal distance 7 of the bundle of incident rays measured 
from A, and AO the radius p, of the primary principal curvature of the 


AB ABcost 
refracting surface, and ZAOB=—, ZACB=——,—. Thus when 


AB is infinitely small, 


and, similarly, if 7’,w’,r’ have analogous meanings for the bundle of 
refracted rays, 


wo 108 7’ 


GE SNR * 


Since ; 
sin (itw)=sin 7 cos w+sin w Cos 7, 
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and since the angle w becomes infinitely small along with the arc AB, so 
that ultimately cosw =1 and sinw =, after multiplying both sides by 
the value n of the index of refraction of the first medium and at the 
same time dividing by AB, the identity above may be written in the 
following form: 


n sin (i+w)—n Se pore sg pp ng ze 1 cost 
AB A pr T 


Similarly, if m’ denotes the index of refraction of the second medium, 


/ = te / / M4 tA ae 
n’ sin (t’+w")—n' sin 7 : ls 5COSi. 
@ sie!) =n’ cos 1’ ( ): 


AB oon eat, 


Since, according to the law of refraction, the left-hand members of these 
two equations are equal to each other, we obtain: 


, 251 2; , oy F 
s nC an 4 —Mn COS 4 
n oo t nis OS He cos 5 i . : IG 


i 7 pr 


If the case is one of reflection instead of refraction, precisely the 
same method can be used provided we put n’= —n, since then also 
the left-hand members of the two identities above will still be equal to 
each other. In both cases the magnitudes denoted by 7, 7 and p- are 
always to be reckoned positive in one and the same direction from the 
point of incidence. 

Again, in Fig. 115 suppose that B designates the position of the 
secondary focal point of the bundle of incident rays, represented here 
as lying on the prolongation of the chief ray; and let O in this diagram 

f mark the position of the 
centre of the secondary prin- 
cipal curvature of the refract- 

Je 2 ing surface situated on the 
normal drawn to the surface 

through the incidence-point 

Fig. 115. A; and suppose the entire 

figure is revolved around the 

line OB as axis. As this rotation starts, the point A is carried to an 
adjacent point of the refracting surface lying in the equatorial plane, 
and the normal to the surface at this point will be contiguous to the 
normal AO and will therefore meet it in the point O. Similarly, 
the ray which falls on the surface here will be contiguous to the chief 
ray AB and will meet it in the point B. But since a ray in the equa- 
torial plane contiguous to the refracted chief ray must be contained in 
the same plane as the corresponding incident ray and normal, it must 
intersect the line OB at a point B’, which is therefore the secondary 
focal point of the bundle of rays situated on the refracted chief ray AB’. 
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Accordingly, if s,s’ denote the distances of the secondary focal 
points before and after refraction, both measured from the incidence- 
point A, and if p-, denotes the radius of the secondary principal curva- 
ture of the refracting surface with respect to this same point, and 
finally, if BC is drawn perpendicular to the normal AO, we may write: 

BC s sin 7 
OC aad pa jap. = tan Z BOC 
and consequently 
n sin 1 _ncost 7 


py tan Z BOC pr 5 


Since a similar equation is obtained for the bundle of refracted rays, 
and since, according to the law of refraction, the left-hand members 
of the two equations are equal to each other, we obtain finally 


n’ n,n’ cost’—n cost rf 
pias es 7 i o 4 . e 2 


S s pir 

The same remarks that were made above with respect to formula 
A, concerning the special case of reflection and the positive directions 
of the linear magnitudes apply here also. As is obvious from the way 
they were derived, both formulae are valid not merely for a system 
of revolution but in any case where one of the principal sections of the 
bundle of incident rays and a principal normal section of the refracting 
or reflecting surface coincide with the plane of incidence. Ordinarily 
as the formulae show, the bundle of refracted rays is astigmatic, and 
hence in a system of revolution, except under special circumstances, 
the two image-surfaces are tangent to each other only at the place 
where the axis meets them, and consequently the axial object-point is 
the only point that is reproduced by a point. 

For this latter point cos 1 =cos 1’ =1 and p- =p. and accordingly the 
two formule A reduce to the first of formulae (3), § 9, in the HELMHOLTz 
text; where the focal distances for the incident and refracted rays are 
measured in opposite directions conformably to the old custom, the 
radius of curvature of the refracting surface being reckoned always as 
positive. 

However, for any point of the object not on the axis two different 
imageries are to be taken into account; and therefore we may designate 
the imagery of the parallel of latitude determined by the primary 
focal point of the bundle of refracted rays as the primary imagery. 

The magnification-ratios corresponding to the two imageries may 
be obtained as follows: Let p,q, p/q’ denote the distances from the 
incidence-point of the primary and secondary focal points of the 
bundle of incident chief rays and the corresponding bundle of refracted 
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rays, respectively. In Fig. 116 the straight line ACD is supposed to 
represent the prolongation of one of the incident chief rays; whereon 
é the points C. and D designate the 
primary focal points of the bundle of 
* chief rays and the bundle of rays be- 
longing to the given point of the ob- 
ject, respectively. Draw DE perpen- 
dicular to the chief ray AD, and mark 
on it a point HZ, and suppose that BE 
BYF is the chief ray which goes through L. 
Draw AF perpendicular to ACD and 
: meeting BCE in the point designated 

Fig. 116. by F. Then 


Now if the point £ is taken infinitely near the focal point D, so that 
BE and AD are two contiguous chief rays, the point B may be con- 
sidered as lying on the tangent to the refracting surface, and hence 
the angle BAF will be equal to the angle of incidence. If the length DE 
is denoted by £6, then 


eee 
(r—p) cost 


Jie | 

and hence, multiplying both sides by n cos”? (- -*), we may write: 

T 
AB.n cos? 7 ie = 4 = i SOLE, 

t 70) F 
An analogous relation connecting the bundle of refracted chief rays and 
the bundle of refracted rays corresponding to the given point of the 
object may be obtained in precisely the same way; and by applying 
formula A, to each of the two bundles of rays, it will be seen that the 
left-hand sides of the two equations are equal; whence it follows that 


ed 
ip al a ne oy ho ne Bi 
nm COSt T 
where the symbol K, denotes the primary magnification-ratio. 
Similarly, for the secondary magnification-ratio, we shall find: 


Kee UR ee te eee 
since, in case Fig. 116 represents the equatorial section, the chief ray 


of the bundle of incident rays would have to coincide with the normal 
to the section of the refracting surface made by the equatorial plane, 
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and instead of multiplying by the expression given above, the factor 


here would be 
Gear, 
n —~ — — . 
gg 


In the particular case when +=7’=0, in Fig. 116 AF = and 


cost’ 
therefore K, fy Pere For s=s’=0, it is evident at once that K,=1. 


Since formulae A are addition-formulae containing the products of 
the reciprocals of the focal distances and the corresponding values of 
the index of refraction, it is convenient to reckon directly in terms of 
these functions. Thus, the quotient of the focal distance from any 
point by the index of refraction is called the reduced focal distance with 
respect to that point. The focal distance is reckoned positive when we 
proceed from the origin of the measurement to the focal point in the 
direction that is called the positive direction; and the reciprocal of 
this distance, which is therefore equal to one of the principal curvatures 
of the wave surface, is a measure of the convergence of the bundle of 
rays in the given principal section at the point taken as origin. Hence, 
the value obtained by multiplying the reciprocal of the focal distance 
by the index of refraction is called the reduced convergence. Employing 
this idea, we may write equations A and B for both imageries as follows: 


B= A+kD, kK B=A : : é aes ~G 


Here the magnitudes denoted by A and B are the reduced conver- 


gences of the bundles of incident and refracted rays, respectively; i.e., 
y 


n n n n } 
A=-, B=—, or A=-, B=~—, according as the formulae relate to the 
rT T s Ss 


primary or secondary imagery, respectively. The magnitude denoted 


by « is the value of the magnification-ratio at the point of incidence 
iA 


v . 
- or to 1; whereas K denotes the primary or second- 
COS 2 


ary magnification-ratio at the given focal point. The magnitude 
denoted by D is the refracting power of the surface at the point of 
incidence and is given by one of the following expressions, namely: 
n' cos 1’ —n Cos 4 n' cos t’—n cos 4 
p: cos 2’ cos 2 py ‘ 


and is equal to 


according as it refers to the case of the primary or secondary imagery, 
respectively. 

It is easy to prove that formulae C are likewise true when the reduced 
convergences are measured from any pair of points which are conjugate to 
each other with respect to the imagery in question. If x, denotes the value 
of the magnification-ratio for this pair of conjugate points, and if the 
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reduced convergences at these points measured from the point of 
sincidence are denoted by Ao, Bo, then, besides equations C, we have 
also the pair of similar equations: 


rBo= AotxD, kK, Bo= Ao 
and by subtraction we obtain: 
K(Bo—B)= Ay—A. 


Moreover, if Ai, B:; denote the reduced convergences at this same 
pair of points for the bundle of rays determined by A, B, then 


a i Ler ed 


and therefore also 


B= BBo Aas AAo _ KK B.xx1Bo 
* Bo— B’ eA A. ei bicnD) 
consequently, 
mKBi= Ai. 
On the other hand, eliminating A or Ao, we obtain 
D 
k-K=5, ere ast 


respectively; and by subtraction 


eral D 
ki-K=D BTR) BY 


A, 


KiB, 


wherein, by substituting the value for K, the following result is 


obtained: 
Kr B,= A,tkD. 


In order to find the resultant imagery of one of the two imageable 
systems of lines that is produced by two successive refractions, sup- 
pose, to begin with, that the positions have been determined of each 
pair of focal points in the second and third media corresponding to a 
point of the object in the first medium; and let «:,«2 denote the magnifi- 
cation-ratios for the imagery of the given object-lines in the second 
medium and for the imagery of these image-lines in the third medium, 
respectively; and, finally, let D.,D, denote the refracting powers of 
the two surfaces with respect to the given imagery. Then if A, B- 
denote the reduced convergences of any bundle of rays measured at 
the given object-point in the first medium and at the corresponding 
focal point in the last medium, respectively, the following pair of 
values will be found for the reduced convergence at the conjugate 
point in the second medium: 


G. 240, 241.| I. Optical Imagery 279 


AD 
et a = Ko" B-—k2De, 
whence, by writing 
K>=K}K2, a ED, 
ke 


the general equation of the focal distances for the combination of the 
imageries by two refractions assumes the same form as in case of a 
single refraction, namely 


PCB=A+kD. 


Moreover, if Ki, K, denote the magnification-ratios for the two surfaces 
at the focal points of the bundle of rays, the reduced convergence 
measured in the second medium is given also by the following pair of 
values: 


A 
AS Tite) 
and hence putting K =K, Ko, we obtain: 
KK B=A. 

This procedure can be repeated indefinitely. In general, therefore, 
if for the pair of conjugate points at which the reduced convergences 
are measured the magnification-ratio with respect to the imagery due 
to the first n surfaces is denoted by k,, and if the refracting power of the 
optical system composed of the first m surfaces is denoted by ®,, then 

kn = Kikok3 ‘aia Le Ky = IIk, 
and the formula found above for the refracting power of two surfaces 
may be written in the following form: 
2 
moreatin it Ps, 
K2 
In the case of n surfaces, therefore, we obtain by summation: 
2D, keD kDa kD 
Li Ls i Le Sa a LA, wD 


K2 Kn K 


k,D,= 


The range of validity of the general image-equations, 
CB=A-+xD, KKB=A 


which are applicable along any chief ray in a system of revolution may 
therefore be extended to any number of media, provided « denotes the 
magnification-ratio for a pair of points conjugate to each other with 
respect to the given imagery, A and B the reduced convergences 
of a bundle of rays with respect to these points, and K the magnifica- 
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tion-ratio with respect to the focal points determined by A and B, and 
provided also that for the compound system consisting of n components 
2 
puis #2 


K K 


in which this sum contains one term for each component system. 

The angular magnification may be also found by means of these 
formulae. This term denotes the ratio of the angles subtended at two 
conjugate points by the distance between a pair of image-lines and the 
distance between the corresponding pair of imageable lines. Conse- 
quently, if the indices of refraction are denoted by n, n’, and the ele- 
mentary arcs of the orthogonal trajectories of the lines which are 
imaged in each other are denoted by 8,8’, the angular magnification- 
ratio with respect to the pair of points, for which the lateral magnifica- 
tion-ratio (as it is called in order to distinguish it from the other) has 

M4 
oe and = and 


the value x, is given by the ratio of the two angles, au) 


nKB n 
hence is equal to —— oe which is the same as pay The continued pro- 
K 
duct of the angular magnification-ratio, the lateral magnification- 
ratio and the relative index of refraction is therefore invariably equal 
to unity. Just as we employ the term reduced distance, it is con- 
venient to introduce here the idea of the reduced angular magnifica- 
KB 

tion-ratio as being equal to yg 1.€., equal to the reciprocal of the lateral 
magnification-ratio. 

Putting B=0 in the general image-equations, we find that the 


reduced distance of the first principal focal point is equal to — D? and 
K. 
similarly, putting A =0, we get for the reduced distance of the second 


principal focal point = 


D: Again, putting K =1, we find for the reduced 


3 —1 

distances of the first and second principal points! : D D” 

K 

spectively. Accordingly, by subtracting the latter values from the 
former, the reduced distances of the first principal focal point from the 


first principal point and of the second ee focal point from the 


1 
second principal point are found tobe — = ee 


D dD? respectively. Thus, 


1 qIt would seem advantageous to call the principal points in this case the “unit points” 
(K =1), as is done by some English writers. (J. P. C. 8.) 
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the refracting power may be defined, perfectly generally, as the recipro- 
cal of the quotient of the second principal focal length by the corresponding 
index of refraction. 
When the image-equations are referred to the principal points, they 
take the form 
B=A+D, KB=A, 


which expressed in words are equivalent to the following statements: 
When rays of light traverse an optical system, the value of the reduced 
convergence increases by an amount equal to the refracting power of the 
system; and the lateral magnification-ratio is equal to the quotient of the 
reduced distances of the focal point from the principal point for the corre- 
sponding bundles of refracted and incident rays; whereas the reduced 
angular magnification-ratio at the principal points themselves is equal 
to unity. These latter formulae are just as general as the others, and 
have the advantage of exhibiting clearly the essence of optical imagery; 
whereas, on the other hand, they have the disadvantage of necessitating 
a troublesome transformation in applying them to a so-called teles- 
copic or afocal system (which is a better term), characterized by the 
condition D=0; while the general image-equations are applicable in 
the form in which they are given. 

If in the image-equations referred to the principal points the condi- 
tion is imposed of equal (unreduced) convergences of the corresponding 
bundles of incident and refracted rays, the result is that 

aeons 


n 7-2 n 


and the focal points of the bundle are in this case identical with 
Listyne’s nodal points; the (unreduced) angular magnification at 
these points being equal to unity. But since the properties ascribed 
to the nodal points have no reality for rays of finite inclinations except 
for a system consisting of a single spherical surface, as is too obvious to 
need explanation, the image-equations referred to these points are of 
little service, because by means of the reduced angular magnification- 
ratio the image-equations referred to the principal points secure 
precisely the advantages that the nodal-point equations are supposed 
to possess. 

On the other hand, in numerous instances the wmage-equations 
referred to the principal focal points are of real utility. These equations 
may be obtained either directly from the expressions found above for 
the distances of the principal focal points from any pair of conjugate 
points or as follows: If, first B, and then A, is eliminated from the 
general image-equations, the latter may be expressed in a form which 
is very useful for certain problems, namely: 
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These formulae are applicable, for example, when one of the pair of 
conjugate points at which the magnification-ratio is equal to « is 
2 ; 1 ; 
situated at infinity, that is, when either «=0 or ~=0. Thus, if the 
reduced convergences of a bundle of rays measured at the first and 
second principal focal points of an optical system are denoted by L 
and L’, respectively, the following equations are found: 
KD=L, KL’=—D. 
Consequently, 
LL'=—D?*, 1=—-K, 


where K, as usual, denotes the magnification-ratio at the focal points of 
the bundles of rays whose reduced convergences are L, L’. 

If in case of the combination of two systems it is desired to find the 
refracting power D of the compound system directly and the positions 
of the principal points without pursuing the method given above, the 
necessary formulae for this purpose can be obtained as follows: Suppose 
the first system is defined by its refracting power D; and a pair of 
conjugate points for which the magnification-ratio is «1; and also the 
second system is defined similarly by its refracting power D, and a pair 
of conjugate points for which the magnification-ratio is x2; and let the 
reduced distance (that is, the distance divided by the corresponding 
index of refraction) of the first one of the last mentioned pair of points 
from the second one of the pair named first be denoted by 6. Moreover, 
let Ai,B,,K, and A2,B2,K» denote the reduced convergences of a bundle 
of rays and the magnification-ratios for the first and second members 
of the system, respectively. Then by the definition given above the 
D, 
j Seas 
By eliminating A; and B, from the general image-equations we get 

D, 1 1 Dz 
By Ky «2 As 


refracting power of the compound system is equal to 


and since 


we find: 
ae P14 KiDi= ed. one 
2 Ke 


This expression enables us to compute the refracting power of the 
compound system in terms of the magnitudes that define the two 
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component systems, and, for 6=0, it reduces to the expression which 
was obtained previously for this condition. Let the reduced distances 
of the first and second principal points (or “unit points’’) of the 
compound system as measured from the first one of the pair of con- 
jugate points of the first system and from the second one of the pair of 
conjugate points of the second system be denoted by H, H’, that is, 
1 1 
put H= ae Hie Be We have here the condition that K,K.,=1 and 
1 2 
hence 


If we substitute on the left-hand side of this equation the expression 
for Az in terms of B,, and on the right-hand side the expression for Bi 
in terms of Az, the equation may be transformed as follows: 


B, (sD: Z) =DitDe= —A, (e+ Z5-"): 


Then by substituting the expression for B, in terms of A, and that for 
A, in terms of B2, the following result may be found: 


a : (@Dita- =) D= —K2Be (wits, -n). 


Hence, the general formulae for the combination of two systems are: 


D =P is aDix8DiDy 


In case the two component systems are referred to their principal 

points (or “unit points”), by putting «1 =«2=1, we obtain: 
5D EST 
D=Di+D.—6DiD, H= ay Hm eae 

If one of the component systems is afocal, then D,=0 or D2=0, 
according as it is the first or second system, respectively; and if the 
other system is referred to its principal points (or ‘unit points’’), that 
is, if xe=1 or «,=1, then either 


in LO. Mae patil 
D=xkiDo, H=—41 ap, H ~ KD 


or 
Jil — Kob-+ 


Kg—1 Ke(kK2— ko(ke— 1) 
D, 
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And, finally, if both component systems are afocal, by substituting in 
the expression for 6 the value of B, in terms of Ai and that of Az in 
terms of Bz, we find: 


1 2 KiKe K20 


K ikeBo Ai K1 
whereas the magnification-ratio has everywhere the constant value 
K=kiko. 

For example, in the case of a plane parallel plate or of a prism traversed 


by the chief ray along the path of minimum deviation, for each of the 
two imageries xix, =1, and consequently 


If the plate or prism is surrounded by air and if the angles of incidence 
and refraction at the first surface are denoted by 7,2’, then for the 
bundle of emergent rays: 

Li OLCOSs2 Lie 

Bn A ie COL0N tt alee Ae 
Thus, if the plane of refraction is assumed to be the primary principal 
section, and if the light were originally homocentric, the distance of 
the first focal point from the second will be 
cos 2 7’—cos? 7 

cos? 7’ 


6 


This focal segment, being therefore independent of the position of the 
radiant point-source, is a measure of the actual astigmatism of the 
system. Evidently, it is negligible only in case the path of light inside 
the plate or prism is vanishingly small as compared with the distance 
of the source. 

In physiological optics it is convenient to have available formulae 
for the combination of three optical systems; which, by using the above 
general methods, may be obtained as follows: Let D,, D2, D; denote 
the refracting powers of the component systems and ®D that of the 
compound system; and let 51,52 denote the reduced distances of the 
first principal (“unit’’) point of one system from the second principal 
(“unit’’?) point of the preceding system. In the first place, let us 
determine the positions of the points conjugate to the principal 
(“unit’’) points of the second system in the first and last media. We 
have: 
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and moreover 

—- 1 . 

~ 1-62D3’ 

whence we obtain the following general formula for the refracting 
power: 


k;=1—6,D,, ko=1, K3 


D= Dil —62D3) +Dz2(1 —6,D,) el —52D3) +D3(1 —6,D),. 


The reduced distances of the principal (‘‘unit’’) points of the compound 
system measured from the two conjugate points found in the first and 
last media are, as was proved above, 


Lisee apne eee 
ay nus 
where « is written in place of «:«3; and hence for the reduced distances 
H, H’ of the principal (“unit’’) points of the compound system from 
the first principal (‘unit’) point of the first system and from the 
second principal (‘‘unit’’) point of the second system, respectively, we 
obtain finally: 
REY i ste 61 62D3—61D; 
A, kD 1—6,D, D(1—6,D,) 
pL pea Da 
B; D 1—&D; D(1—6Ds) 
If the compound system is symmetrical with respect to the middle 
component, then, since 62=6; and D; =D,, we have: 
D = 2D,(1 —6,D)) +Dz,(1 —6,D,)*, 


=— f= bt . 
imteotl oD 


H 


So far as choice of signs is concerned, the image-equations for the 
case of a single surface were derived on the general assumption that the 
distances of the focal points and centre of curvature of the refracting 
or reflecting surface from the point of incidence were counted positive 
in one and the same direction, and that a positive sign for the magnifica- 
tion-ratio means “erect”? (or ‘‘sympathetic’’) imagery. Moreover, 
since in case of reflection, the sign of the index of refraction has to be 
reversed, and in compound systems the positive direction must be 
consistent throughout, it is best to define this direction with reference 
to the way the light travels in the object-space. If we choose here the 
direction which corresponds to the motion of the light, then since at 
every reflection both the positive direction with respect to the motion 
of the light and the sign of the index of refraction are reversed, a posi- 
tive sign of the reduced convergence implies that the rays in that case 
are convergent. A positive sign of the refracting power means that the 
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system acts as a convergent system. The reduced distance from one 
point to another will always be positive provided in passing from the 
former to the latter the direction of the light is followed. Hence, we 
have the following general rules. That direction anywhere along the 
chief ray is always the positive direction which corresponds to the way 
the light goes in the object-space. The indices of refraction of the 
media which are traversed by the light after an odd number of reflec- 
tions are to be reckoned as negative. The distance from one point to 
another is positive if we proceed from the first point to the second by 
going in the positive direction; and the radius of curvature is the 
distance measured from a point of the surface to the centre of curva- 
ture. Finally, the magnification-ratio is positive when, looking along 
the given chief ray in the positive direction, we see the lines imaged in 
each other lying on one and the same side of this ray. 

The reduced convergence and refracting power may be measured 
in terms of any suitable unit. But in ophthalmology the dioptry! has 
become established as the unit of the refracting power of a lens; being 
defined as the refracting power of a lens surrounded by air whose focal 
length is one metre. Accordingly, it is advisable to adopt this unit 
generally, and therefore to define it as follows: The dioptry is the unit 
of the reciprocal value of a length (the principal focal length or conjugate 
focal distance) divded by the corresponding index of refraction; the 
distance in question being expressed in terms of the metre as the unit of 
length.” 

The simple and convenient mode of exhibiting all the laws of 
imagery in the case of a system of revolution in a form that is applicable 
along any chief ray, which as a special case may coincide with the 
axis of revolution itself, was made possible by introducing the ideas of 
reduced convergence and refracting power. However, it can readily 
be seen that the general image-equations, in spite of their different 
form, are identical with equations (7) and (7d) as given in § 9 in the 
original text of this book; while equations (7b) and (7c) are easily 
recognizable also in the form used above. On the other hand, in 
the above discussion no special importance was attached to the equa- 
tions referred to the nodal points. |The reason of this was because, 
as already stated, so far as rays of finite slope are concerned, the 
essential characteristic of the nodal points has no reality except for 
the case of a single spherical surface. In accordance with the view that 

1 {Spelled also dioptre (French; also an English usage) and diopter (American). The 
origin of the word is the same as that of dioptrics. Essentially, the dioptry is simply a unit 
of curvature, that is, it is merely a geometrical magnitude. (J. P. C. S.) 

2 A. GuLusrranp, Uber die Bedeutung der Dioptrie. Arch. f. Ophth. Bd. XLIX, 1. 


S. 46. 1899. It should be noted that in this paper the coefficient k used for afocal systems 
denotes the reduced angular magnification-ratio. 
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the imagery of an object of finite dimensions might be considered 
as approximately similar to that of the central portion, the geomet- 
rical constructions may enable us to visualize the relations of the 
conjugate points to each other and to the cardinal points. But if 
we insist on sticking to what is actually the case, this method is no 
longer justifiable, because the laws on which the construction depends 
are not valid except for the fiction of rays which are inclined at infini- 
tesimal angles, and therefore such constructions often create false 
notions. Neither the nodal points nor the principal (‘‘unit’’) planes or 
principal focal planes, whose characteristic properties are likewise due 
to the fiction of rays inclined at infinitesimal angles, afford any ad-— 
vantage in showing what actually takes place, and so these ideas also 
have been cast aside here as so much useless ballast. The same is true 
in regard to the geometrical constructions alluded to, and even the 
diagrams (Figs. 114-116). employed above in obtaining the image- 
equations for the case of a single surface were intended merely to 
spare the reader the otherwise unavoidable differential calculus. 

There is no fiction anywhere at all in the preceding treatment. It is 
always a question of precise geometrical magnitudes and, so far as the 
magnification is concerned, of coefficients and ratios expressly defined 
as limiting values. This is the distinction that must be made between 
the idea of reduced convergence and the ideas of the optical divergence 
of rays and the optical inclination of a ray,’ which have no validity 
except for the fiction of rays inclined at infinitesimal angles. 

The opposite way was pursued by ABBE and his school? in their 
treatment of the laws of optical imagery, for they proceeded to derive 
the theory of collinear imagery from simple geometrical assumptions 
without reference to the phenomena of refraction and reflection of 
light. But since we do not have collinear imagery except for the fiction 
of infinitely narrow bundles of rays and for an exceedingly small 
element of the surface of the object on-the axis of a system of revolu- 
tion, whereas new fictions have to be introduced along other chief rays, 
collinear imagery is found to be simply an unattainable ideal when once 
the general laws of imagery have been ascertained. If it is alleged that 
in many modern optical instruments the reality does not fall very far 
short of this ideal, the explanation is due to an accumulation of 
mathematical singularities in the construction. We must be on our 
guard against supposing that it is possible to attain this ideal exactly, 
and certainly we have no right at all to assume that it represents the 
kind of imagery that occurs in the case of the eye. 

1H. vy. Hetmnouirz, Handbuch der physiologischen Optik, 2. Auflage, Hamburg and 


Leipzig 1896. S. 66, 71. 
2§. Czarsk1, Grundztige der Theorie der optischen Instrumente nach ABBE. 2. Auf- 


lage, Leipzig 1904. 
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In applying the imagery-laws it must be kept steadily in view that 
all that they tell us is the positions of the focal points and the magnifica- 
tion-ratios along the chief ray under consideration. Therefore, in 
investigating the image formed on a screen the effects due to an arbitrary 
choice of the chief ray need to be specially considered. As part of the 
system of revolution, the surface of the screen itself must either be a 
transversal plane perpendicular to the axis, as is generally the case, or 
a surface of revolution around the same axis as that of the instrument; 
and, moreover, only such rays coming from points of the object as 
cross the axis can act as chief rays. In case the image-point correspond- 
ing to the axial object-point lies on the screen, the two image-surfaces 
will be tangent to the screen at that point. Along a chief ray going 
through the centre of the stop, which proceeds from a point of the object 
at a finite distance but not far from the axis, the bundle of rays will be 
astigmatic. But if the size of the stop is finite, and provided the ratio 
between the distance of the object-point from the axis and the dia- 
meter of the stop does not exceed a certain magnitude, the same bundle 
of rays will be anastigmatic along another ray going through the stop. 
The anastigmatic image-points arising in this way and corresponding 
to object-points which are not far from the axis lie on a surface which 
is tangent to the screen at its axial point. Practically, we never have 
to deal with the image of a mathematical point; and hence within a 
certain finite region surrounding the axial image-point, whose extent 
depends on the size of the stop, the image on the screen is practically 
indistinguishable from that which would be due to.an actual point-to- 
point reproduction. Evidently, the extent of this region will be greater 
and greater in proportion as the curvatures of the two image-surfaces 
are more and more nearly alike and coincide more nearly with the 
curvature of the screen. Now when we investigate a bundle of rays 
proceeding from a point which is immediately adjacent to the part 
of the surface of the object that corresponds to this region, it appears 
that it cannot have an image-point on the screen unless it lies along a 
ray which meets the axis but passes eccentrically through the stop; 
and therefore only one of the two systems of imageable lines on the 
surface of the object will be reproduced in the corresponding zone of 
the screen. In case of a plane screen, generally it is the system of 
meridian lines that is reproduced in this zone by positive optical 
systems, because in an ordinary optical system of spherical surfaces 
the concave sides of the image-surfaces are generally turned towards 
the instrument, the primary image-surface being nearer the system 
than the secondary. But in the part of the screen beyond this zone 
there is no image-point along any ray at all, so that here the image is 
formed simply by optical projection. 
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In accordance with the process just described, it is easy to show, 
e.g. by using a simple photographic landscape lens, that in the central 
region of the ground-glass screen focused to get the sharpest image of 
the axial point of the object, all the points and lines of the object will be 
reproduced with equal sharpness; whereas in a surrounding zone lines 
of the object in a meridian plane show up better than others; and 
beyond this region the definition is about like that which can be 
obtained with a pinhole camera. 

When we investigate in this way the image of a figure consisting of 
radiating (meridian) lines and parallel (concentric) circles, centered 
with respect to the axis and placed at right angles thereto, it 
appears that for a small stop the position of-a circle in the image 
will vary with the position of the stop on the axis, and that if the 
object-circles are at equal distances apart, they will not be equally 
spaced in the image. This experiment proves that the magnifica- 
tion-ratio along the axis, which is independent of the position of 
the stop, does not generally give the magnification of the image, but 
simply the limiting value which it approaches more and more nearly 
as the size of the object is steadily diminished. Hence the image of 
the system of parallel circles is not similar to the object; whereas, by 
virtue of the characteristic properties of a system of revolution, the 
meridian lines do give an image that is similar to the object, even when 
the screen is moved out of focus, so that the entire image is formed by 
optical projection. As the size of the object is diminished, the lack 
of similarity in the image of the parallel circles becomes less and less, 
until it disappears entirely at the instant when the object collapses into 
a point on the axis. Owing to the degree of accuracy demanded by the 
investigation, it is always necessary to calculate trigonometrically a 
greater or less number of chief rays in order to ascertain where they 
cross the screen; and then the image-equations will enable us to find 
the focal points where the chief rays intersect the two image-surfaces. 
The values of the secondary magnification-ratios can usually be found 
directly from the position of the secondary focal point, because, owing 
to the similarity between object and image in case of the meridian lines, 
this ratio is equal to the ratio of the distance of the focal point from the 
axis to that of the object-point. But the values of the primary magnifi- 
cation-ratios have to be obtained from the image-equations. However, 
since the focal points generally will not lie on the screen, linear projec- 
tion coefficients have to be employed to investigate the image. Now in 
a system of revolution not only the imageable lines and the correspond- 
ing image-lines but their orthogonal trajectories coincide with the 
meridian lines and parallel circles, so that these trajectories can be 
projected into each other also. Let us therefore distinguish here 
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between the primary linear projection coefficient for projection of the 
meridian lines and the secondary linear projection coefficient for projec- 
tion of the parallel circles. Just as in the case of the secondary magnifi- 
cation-ratio, the secondary linear projection coefficient may be defined 
as the ratio between the distances from the axis of the points where 
the given chief ray meets the screen and the surface of the object. But 
the primary linear projection coefficient is found as follows: Let 6” 
denote the reduced distance of the screen from the first focal point as 
measured along the chief ray; and let 8 denote the reduced con- 
vergence of the bundle of chief rays at this point. Then the distance 
of an adjacent chief ray from the focal point is to its distance from 
the point where the first ray crosses the screen in the same ratio as 
the distances of the two points from the point of intersection of the 


ffi 
two rays are to each other, 7.e., as B (5-#), and therefore 1 —6’8 


is the linear projection coéfficient at the two points. Consequently, 
the primary linear projection coefficient for the corresponding object- 
point is 
C\=K,i (1-08); 

and a similar formula defines the second of these coefficients. The 
application of this formula implies that the bundle of chief rays has 
been traced into the image-space, and that the ordinary image-equa- 
tions have been employed for this purpose. The actual linear magnifica- 
tion in the projection depends on the inclinations of the surfaces of the 
object and screen to the chief ray. If w, w’ denote the angles between 
the chief ray and the normals to these surfaces, the limiting value of 


: : ele: cosw ead 
this magnification is equal to C; uae For the projection of parallel 


circles this limiting value is equal to the secondary linear projection 
coefficient. 


The imagery-laws of the first order here treated apply also in 
general to singly asymmetrical systems. However, in such systems 
the magnification-ratios and the linear projection coefficients must be 
calculated in the same way as in case of the primary magnification- 
ratio and primary linear projection coefficient in a system of revolution. 
The plane of symmetry, which in a singly asymmetrical system is not 
a meridian plane at all, is called the tangential plane; and the plane 
perpendicular to it is called the sagittal plane. The formulae for the 
imagery along the axis in symmetrical systems may be found from the 
formulae for singly asymmetrical systems by putting the cosine of the 
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angles of incidence and refraction equal to unity throughout. In order 
to distinguish the imageries in the two planes of symmetry, one of these 
planes is called arbitrarily the primary plane and the other the second- 
ary plane. In a system of revolution the equations obtained in this 
way for the imagery along the axis are independent of the orientation 
of the plane of symmetry. 


Imagery-Laws of Higher Order. The imagery laws of second order 
completely developed for singly asymmetrical systems lead to formulae 
which, for example, in the case of systems of revolution, enable us to 
ascertain the inclinations of the image-surfaces along a chief ray and 
the asymmetry-value of the first magnification-ratio. The latter 
magnitude tells how much this ratio varies from one chief ray to 
another adjacent chief ray. Other formulae are expressions for the 
asymmetry-values of the bundle of rays and afford information as to 
degree of convergence of the rays. The general, doubly asymmetrical 
bundle of rays is defined by four magnitudes of this kind; whereas the 
singly asymmetrical bundle of rays which occurs in systems of revolu- 
tion is characterized by two asymmetry values. 

Proceeding from one ray to the next in the plane of symmetry of a 
singly asymmetrical bundle of rays, we find that the primary focal 
points (or image points) all lie on the section of the primary caustic 
surface that envelops the rays. This section which may be called the 
r-curve is the line rF.7 in Fig. 117 where F.,F., designate the two 
focal points lying on the ray OFF... The rays which proceed in the 


te 


Fig. 117. 


plane of the diagram are to be constructed therefore as tangents to 
this curve, and hence the curved line which passes through O and 
intersects all the rays orthogonally will be a section of the wave-surface 
with respect to this point. If the secondary focal point is marked on 
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each ray, the locus of these points will be a curved line, the so-called 
s-curve, indicated in the diagram as s/s, which for a finite magnitude 
of the astigmatic difference FF. always cuts the ray at a finite angle. 
The radius of curvature AF’ of the 7-curve, denoted by R, is called the 
direct asymmetry-value of the bundle along the ray OFF... On the 
other hand, if the normal is drawn to the s-curve at Ff. meeting the 
primary focal plane at B, the distance BF, of this point from the 
primary focal point, denoted by S, is called the transverse asymmetry- 
value. According to their definitions, the signs of the magnitudes R, S 
depend on the choice of the positive direction. Therefore, in the case 
represented in the figure, they are both positive provided the upward 
direction is defined as positive. In a system of revolution it is a good 
plan to consider the distance of an object-point from the axis always 
as positive, and throughout the entire system to treat as positive the 
direction of any line drawn in this same direction perpendicular to the 
chief ray. The signs of the astigmatic difference (or distance between 
the two focal points) and the angle @ which the 6-curve makes with the 
secondary focal plane are defined by the equations 
EH=s—7, S=—E tan 6. 

When the asymmetry-values have the same sign, the form of the 
primary caustic surface at the focal point is saddle-shaped, because 
the centre of curvature of the section made by the primary focal 
plane is at the point where the line AF. meets the tangent drawn to 
the s-curve at Ff’... Now since the curvature of this section is equal to 


See aes 
—7Z it increases with increasing values of S so that the saddle-shape 
2 


becomes more and more tubular or gutter-shape. 

If the angle u between the ray OF.F.. and an adjacent ray is con- 
sidered as positive when we reach this ray by starting at O and pro- 
ceeding in the positive direction, we can write the following identities: 

dr ds 
R = Ge S= aa 
and therefore the asymmetry-values are the limits of the rates of 
change of the focal distances measured from the wave-surface in 
passing from one ray to an adjacent ray. 

For a first approximation, the degree of ray-convergence is deter- 
mined by the magnitudes of the asymmetry-values. When it is neces- 
sary to have more exact knowledge about this, these values can be 
calculated along several rays; for along each ray there is a point on the 
7-curve where the two curvatures of the primary caustic surface can 
be found, besides another point on the s-curve where the inclination of 
this curve can be ascertained. The latter curve throughout is a 
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cuspidal edge, as is evident from the fact that the meridian plane is a 
plane of symmetry. Hence, the curve in which the secondary caustic 
surface is cut by the secondary principal plane has a cusp at the 
secondary focal point, where the two branches of the curve are tangent 
to each other and to the ray OF. Ff... 

Picturing these relations as deviations or aberrations of the separate 
rays, we can say that in an astigmatic bundle of rays the distance of 
the point of intersection of a ray with the primary focal plane, belong- 
ing to the chief ray, from the corresponding primary focal line repre- 
sents the primary lateral deviation of the ray. The secondary lateral 
deviation is defined similarly with respect to the secondary focal line. 
Thus, the primary and secondary lateral deviations are equal to 


uw ve 
a) k—58 and —w0S, 


respectively, where v denotes the angle which the ray makes with the 
meridian plane. However, these formulae are approximately correct 
only for infinitely small angles and give merely the deviations that 
depend on the second power of the angle of inclination. Consequently, 
they are inserted here not to be used, but simply in order to show the 
connection between the asymmetry-values that represent exact 
magnitudes and the ordinary conception of deviations. 

Let us employ here the symbol s to denote the-length of an arc of 
the curve made by the intersection of the meridian plane with the 
wave-surface, and at the same time also introduce the following other 
symbols, namely, 


1 1 dD, aD, 
Ds Di=—, ser hl aa 3 
T s ds ds 
then generally: 
R S 
U=—, W=—- 
‘i TS" 


The magnitudes U, W, called the direct and transverse curvature- 
asymmetries, respectively, which accordingly are the rates of change 
of the principal curvatures of the surface from one point to a con- 
tiguous point, are not to be employed for the wave-surface but for 
the various refracting or reflecting surfaces of the system. If in Fig. 
117 the straight line OFF. is supposed to represent the normal to a 
refracting surface of a system of revolution, the s-curve would have to 
be a straight line coinciding with the axis, since in a surface of revolu- 
tion the centre of curvature in the secondary principal section lies on 
the axis of revolution itself. Therefore for a surface of revolution, and 
for the bundle of chief rays of a system of revolution whose wave- 
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surface is a surface of revolution, the magnitudes denoted by W and S 
are given by the formulae W = a and S= —(q—p)tan8, 
where 6 denotes the angle between the normal to the surface or the 
chief ray of the bundle and a transversal plane perpendicular to the 
axis. 

If the bundle of rays is anastigmatic along a certain ray, the two 
caustic surfaces are in contact with each other at the focal point. 
The radius of curvature of the r-curve is the same as in the anastig- 
matic bundle of rays, and the curvature of the s-line is found from the 
transverse asymmetry-value by means of the expression 


R—2S 
eae ey 
In the case shown in Fig. 118 (R —2S) has therefore the same sign as R. 


When the two asymmetry-values have the same sign, the focal points 


ee be of a consecutive ray lie both on the 


= same side of the focal plane at F, and 
the intersection of the two caustic sur- 

e S : ; : 
Fig. 118. faces with this focal plane is a curve 


which has a cusp at the focal point com- 

mon to both surfaces. The tangents to the two branches of the curve 
which come together in the cusp make with each other the angle 
whose trigonometrical tangent is 

2/ RS 

R-S 
Since in the cases that ordinarily occur the direct asymmetry-value 
exceeds the transverse value, this angle whose bisector lies in the 
plane of symmetry is an acute angle, and consequently the cross- 
section of the bundle of rays is a characteristic figure similar to an 
arrowhead. 

If the calculation is carried a step further by another differentia- 
tion, the imagery-laws of third order are derived; which give, for 
example, formulae that enable us to find in a system of revolution the 
curvatures of the image-surfaces at the point of intersection with the 
axis, together with the distortion-value of the primary magnification- 
ratio and the coefficient of variation of the asymmetry-value. The 
latter is the differential coefficient of the asymmetry-value for a 
consecutive chief ray with respect to the distance of the object-point 
from the axis, supposing this distance to become gradually less and 
less; and accordingly the direct asymmetry-value is always three 
times the limit of the transverse’ asymmetry-value. Again, the 
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distortion-value is the variation of the primary magnification-ratio 
depending on the second power of the angle of inclination, which is 
obtained by passing to a consecutive chief ray. Moreover, the value 
of the aberration along the axis is obtained. 

The wave-surface corresponding to the axial object-point is evi- 
dently a surface of revolution; which must be true likewise concerning 
the primary caustic surface; whereas the secondary caustic surface is 
represented by a piece of the axis of revolution itself. Moreover, since 
the axis is a line of symmetry, the section of the primary caustic 
surface made by a meridian plane must have a cusp at the primary 
focal point where the axis is tangent to it, and where the radius of 
curvature must be zero, since the asymmetry-values vanish here. If 
the axis of revolution with which the s-line coincides here is represented 
by the straight line OF in Fig. 119, and if the curve AFB is the locus 
of the centres of curvature of points lying on the r-curve (7.e., if AFB is 
the evolute of the 7-curve), the so-called aberration-value denoted by A 
is equal to the radius of curvature of the curve AFB at the focal point 
F, and the lateral deviation depending on the third power of the angle 

3 
of inclination of the ray is equal to a According to the con- 
vention as to the sign of the radius of curvature, a positive value of A, 
commonly spoken of as positive “spherical aberration,” indicates that 


og 
Mes 
@? Is 
af 
ee) 
Fig. 119. Fig. 120. 


the cusp of the 7-curve points along the positive direction. When the 
“spherical aberration is corrected,” the 7-curve has at least three cusps, 
and under certain circumstances even more; but, though it might be 
mathematically possible to make them all collapse into a single point, 
this cannot be practically achieved. A case of this sort is exhibited in 
Fig. 120, for which the aberration-value at the axial focal point is 
positive. Along the adjacent rays both the direct and transverse 
asymmetry-values are found to be positive, as is evident in the first 
case from the curvature of the 7-curve; and in the second case because, 
the primary caustic surface being a surface of revolution, the curvature 
of the section made by a plane perpendicular to the axis is negative. 
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Along the rays which are tangent to the 7-curve at the two symmetri- 
cal cusps the direct asymmetry-value is equal to zero. For rays of 
greater slope this function is negative, whereas the transverse asym- 
metry-value continues positive until it vanishes for the ray which is 
tangent to the r-curve at the point on the axis where the two branches 
intersect. The lateral deviation continues negative so long as the 
slope of the ray has not attained the slope of the tangent to the r-curve 
that passes through the axial focal point; thereafter for rays of greater 
slope it is positive. Accordingly, if aberration means the same thing 
as deviation of rays, we can speak of ‘‘corrected spherical aberration” 
only for a definite ray-slope. Since the rays with slope-angles smaller 
than this are in the same relation to each other as in case of “‘positive 
spherical aberration,” the diagram Fig. 120 represents the case which 
in the phraseology of optical engineering is that of “‘corrected spherical 
aberration with positive zones” for the aperture corresponding to the 
critical slope-angle above mentioned. 

These notions are not sufficient for the exactitude required in 
physiological optics. If the rays are drawn which are tangent to the 
7-curve at the two cusps which point away from the focal point, a 
conical surface will be generated by revolving these lines around the 
axis, and a similar conical surface corresponds to it in the stop-space. 
The section of this surface made by a plane perpendicular to the: axis 
will be a curve U =0 or R =0, according as we have the wave-surface in 
mind or the corresponding bundle of refracted rays, respectively ; while 
along every ray intersecting this curve the direct asymmetry-value in 
the image-space is equal to zero. The diameter of this curve, together 
with the diameter and position of the cuspidal edge of the caustic 
surface generated by the two cusps during the revolution may be 
readily calculated for a given system, and may be found experimentally 
for a system whose elements are not given. For example, all that is 
necessary in this case is to observe the curves of the caustic surface 
projected on a screen perpendicular to the axis while the screen is 
adjusted until the curves in question are no longer visible. In case 
the curve corresponding to the last cross section of the caustic surface 
does not coincide with the contour of the cross section of the bundle 
or rays, it represents the cuspidal edge mentioned above, and if the 
stop-opening is diminished until the contour and edge coincide, the 
diameter of the stop then will be the diameter of the curve R =0. 
However, the degree of ray-convergence inside this curve depends on 
the distance of the edge from the focal point and varies inversely as 
this distance. Again, with respect to rays that intersect the plane of 
the stop outside this region, the curve W =0 or S=0 constructed in 
similar way controls this case. Along those rays crossing this curve 
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which meet the axis at the place in the image-space where the two 
branches of the 7-curve come together, the refraction is anastigmatic; 
and hence at this point there is complete ray-convergence of the first 
order along an infinite number of rays. Finally, the lateral deviation 
of the edge-ray affords a measure of what the writer calls the total 
peripheral aberration. The necessity of keeping these ideas separate 
and distinct can be readily seen from the fact that, in the typical case 
of the “corrected spherical aberration” represented in Fig. 120, the 
aberration-value is positive along the axis, whereas it is negative for 
rays corresponding to the curve R=0; while the total peripheral 
aberration will be positive or negative according to the size of the stop. 
The total peripheral aberration is considered positive when the edge- 
rays behave as in ordinary positive aberration, 7.e., when the lateral 
deviation is negative. 

If an astigmatic bundle of rays has two planes of symmetry, it is 
said to be a symmetrical astigmatic bundle along the ray corresponding 
to the line of intersection of these planes; and is defined by four 
aberration-values Ai, Gi, Go, As; the direct and transverse aberrations 
in the primary principal section being measured by A, and G», respec- 
tively; while A» and G,; have similar meanings with respect to the 
secondary principal section. If the intercepts on the line of symmetry 
are denoted by s:, ss, and if the angles between this line and the 
projections of a ray on the two principal sections are denoted by wi, 
We, then 

d?sy ds, Chay dso 


Alpe a eae tater “Gye ae ene A get eee 
Wert st. dykes. dap? dw? 


and there exists the general relation 
G;—Go=Se—S) = 


The primary and secondary surfaces have cuspidal edges which cut 
orthogonally the primary and secondary principal sections, respec- 
tively. The direct aberration-values have the same geometrical 
meaning with respect to the curved sections as in the case of a system 
of revolution. The curvatures of the edges of the first and second 
caustic surfaces are 


G2 G; 


SSS = | nl = 

(se—s1)? (se—s;)? 
respectively; and hence it follows that both edges cannot be straight 
at the same time. Although it is mathematically possible for the 
caustic surfaces of a bundle of rays to collapse into actual focal lines, it 
appears therefore that a bundle of rays constructed on the type of 
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Srurm’s conoid is a mathematical impossibility. If the astigmatism 
is sufficiently minute compared 


fs with the diameter of the stop 

‘ and the amount of aberration, 

Z 2 there will be two rays along 

$ which the astigmatism is abo- 

zr lished. The relation between 
Fig. 121. the r-curve and the s-curve 


in the principal section contain- 
ing these rays is shown in Fig. 121. In the other principal section 
the 7-curve has a cusp at F..,and the curvature of the s-curve is 
finite at the point F.. If the astigmatism along the line of symmetry 
is continually diminished, the two anastigmatic focal points on the 
r-curve approach nearer and nearer to the cusp, and the curvature of 
the s-curve gets greater and greater, and finally becomes infinite at the 
moment when these two points coincide with the two foéal points into 
a single point. In the symmetrical anastigmatic bundle of rays thus 
obtained the s-curve therefore also has a cusp, and the radius of curva- 
ture of its evolute at the focal point is 

4G 
(A—3G)? 

Of the various categories of these bundles of rays, that one for 
which all the aberration-values have the same sign, and in which the 
transverse aberration is numerically less than the direct aberration 
in both principal sections, is of special importance in physiological 
optics. Under these circumstances both caustic surfaces lie on the 
same side of the focal plane. The primary surface whose sections made 
by the principal sections constitute the r-curve has no edges, and its 
section made by a plane parallel to the focal plane is a closed curve 
at finite distance from the focal point which has finite curvature 
everywhere; whereas the secondary surface always has two edges 
corresponding to the s-curve which meet in the focal point, and may 
have also two other edges besides. The latter is what happens in case 
the differences A1—3G and A:—3G have the same sign. (In the 
anastigmatic bundle of rays, as results from the relation given above, 
the two transverse aberration-values coincide.) 

The greater the difference Ai1—A2, called the astigmatism of the 
aberration, the more pronounced becomes the phenomenon of astig- 
matism, varying in degree with the size of the stop, since the position 
of the cross section of the bundle that is most suitable for the imagery 
depends on the size of the stop and the direct aberration. But in 
proportion as the astigmatism of the aberration is less prominent, 
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the better is the determination of the kind of ray-convergence by means 
of the difference Ai:+A2—6G, which is a measure of the diagonal 
astigmatism of the aberration. The four edges that we have here on 
the secondary caustic surface, and that go through the cusps, neces- 
sitate eight cusps in a section of this surface parallel to the focal plane, 
arranged in one of the two typical forms shown in Fig. 122; which, 
particularly in the second type, involve similar in- 

dentations in the section of the bundle of rays. When 
A,=A,=3G, the wave-surface has perfect contact of 

fourth order with a surface of revolution or may be itself 

a surface of this description. In the latter case the sec- 
ondary caustic surface collapses on the axis of revolu- 
a surface of this description. In the latter case the sec- 
ondary caustic surface collapses on the axis of revolu- 
tion; whereas in the other case it involves a greater num- 
ber of edges depending on the aberration-values of higher 
order arranged according to the same scheme and a greater 
number of similar indentations of the cross section of the 
bundle of rays. 

Corresponding to the aberration-values are the four coefficients 
of flattening (‘‘Abflachungswerte’”’) on the wave-surface denoted by 
®,, 21, Q2, Bz, of which #;, Q:; are the measures of the direct and trans- 
verse flattening in the primary and secondary principal sections, 
respectively, while 2, 2, have the same meanings for the secondary 
principal section. The connections between these magnitudes and 
the principal curvatures D,, D: are exhibited in the following equations: 


P, Oy Qe Po 


Fig 122. 


Aaa? C= Dope Go ape Aa! %— Q2=D1D2(Di—Dz) ; 
and moreover 
aD, aD, Ds aD» 
re ess Q)= ? Vie ? P2.= ) 
ds? ds,” ds? ds? 


where s:, S2 denote the lengths of arcs of the primary and secondary 
principal sections of the surface, respectively. 

However, the coefficients of flattening have to be used merely for 
characterizing the refracting surfaces of a system, whereas the bundles 
of rays are defined by means of the aberration-values. Hence, 
in a system of revolution the coefficient of flattening @ at the vertex 
of each surface must be known in order to calculate the aberration 
along the axis. 

In cases where a caustic surface has multiple curves of intersection 
with a screen, a multiple imagery of the corresponding system of lines 
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is produced, as follows from the general imagery-laws. Particularly 
easy to produce is a double imagery of lines in the symmetrically 
astigmatic bundle of rays with large aberration-values; because for 
certain positions of the screen there are two parallel sections of the 
caustic surface in the plane of the screen, which are not curved too 
much. But even in systems of revolutions where the caustic surface 
of the axial bundle makes a circular section with a plane screen per- 
pendicular to the axis, a double imagery of a short line intersecting 
the axis may be obtained, since the section corresponding to an ad- 
jacent chief ray has approximately the same form; and on the supposi- 
tion of circles corresponding to the different points of the object-line, 
an impression is produced of two parallel lines, with an intervening 
space, however, which is brighter than the surroundings. In the same 
way a multiple imagery may be the result of the edges occurring in the 
two caustic surfaces of a symmetrically anastigmatic bundle of rays. 

Generally, therefore, different imageries correspond to different 
adjustments of the screen; and what position of the screen is best 
will depend on the accidental nature of the object to be reproduced 
and the requirements as to definition or distinctness of the image. 
For the axial point of the image in a system of revolution, the narrowest 
cross section of the bundle of rays, as derived from the aberration- 
value and the size of the stop, at all events does not possess the im- 
portance formerly ascribed to it. In general it can be said that the 
greater the requirement as to reproduction of minute detail, the 
nearer the screen must be adjusted to the cusp of the caustic surface. 
The mistiness due to blur-circles which increases with the distance of 
the screen from the place of the narrowest cross section determines 
therefore the limit of efficiency of the optical system; that is, according 
to the degree of ray-convergence. 

In the above description! of the most important phenomena of 
the monochromatic aberrations entirely in terms of mathematically 
exact magnitudes there was no room for the proofs; for these the 
reader must be referred to the writer’s works already mentioned. 
The bridge between this theory and the current method of representing 
the aberration in a system of revolution has been indicated above. 
The deviations depending on the asymmetry-value are found usually 
in books on geometrical optics under the name coma, but these phe- 
nomena for chief rays of finite slope have hitherto not been correctly 
treated in such works. 


1 See a somewhat more detailed description as follows: Die Konstitution des im Auge 
gebrochenen Strahlenbundels, Arch. f. Ophthalmologie. Bd. LIII, 2. 1901. 8. 185. 
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II. Procedure of the Rays in the Eye 


Imagery-Laws of First Order 


1. The Cornea 


Anterior Surface of Cornea. During the time that has passed 
since the first ophthalmometer was made by HeELMHOLTz, there have 
been great advances and essential improvements in the ophthalmo- 
metry of the anterior surface of the cornea. This physiological 
method of research has been a blessing to practical ophthalmology 
and to mankind. Every busy oculist uses it daily at the present 
time. However, convenient as this method is nowadays, the results 
obtained by it are not due to the improvements. The credit for the 
method was, and still is, due to He~mMHo.ttz; although to others, 
and mainly to JAvAL and Scusorz, belongs the credit of bringing the 
method into ordinary ophthalmological practice. As might be sup- 
posed, the necessary adaptations of the method to such uses involved 
sacrifices in some directions, and even today the scientific investigator 
finds it advantageous to return to HELMHOLTz’s original construction 
for the more precise measurements. 

The principle of the ophthalmometer is essentially the same as 
that of the astronomical instrument known as a heliometer. Its 
plan is to measure a mobile object by shifting the reading or colli- 
mation to the object itself. This is effected by bringing in contact 
two optical images of the object, which involves a “doubling” or 
duplex mechanism and a collimation device. These mechanisms are 
both united in the adjustable plane-parallel glass plates in HELM- 
HOLTz’s ophthalmometer. The disadvantage of this construction is 
noticeable only in two directions. The necessary readjustments and 
repeated readings, together with the calculations or interpolations 
in case a numerical table is employed, take a troublesome amount of 
time; and the arrangements for investigating other normal sections 
besides the horizontal are too clumsy or inconvenient for the instru- 
ment to come into general extensive use. Suggestions of changes 
in the construction were soon forthcoming. Coccrus! made the 
calculations and repeated readings unnecessary by using a constant 
“doubling” device, consisting partly of the glass plates and partly 


1A. Coccrus, Uber den Mechanismus der Akkommodation des menschlichen Auges. 
Leipzig 1867. Ophthalmometrie und Spannungsmessung am kranken Auge. Leipzig 1872. 
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of a double-refracting calespar prism, and produced the collimation 
by varying the size of the object. When He_muourz’s plates are used, 
it is equivalent to dividing the objective in two parts, and hence also 
the exit-pupil of the telescope is divided in the same way; but with the 
double-refracting prism the exit-pupil of the instrument is undivided, 
and the two double images can be viewed through every point of the 
exit-pupil. (The exit-pupil is the image of the object-glass in the 
ocular, which can be seen as a bright disc by pointing the telescope 
to, the sky, and looking along the axis from a point in front of the 
ocular at the distance of distinct vision.) 

Of these two methods of ‘doubling,’ namely, with exit-pupil 
divided and undivided, the former has this disadvantage, that, in 
case the focusing is not perfectly sharp, there is an apparent dis- 
placement of the double images with respect to each other in a direction 
perpendicular to the line of separation. If, as in HELMHOLTz’s instru- 
ment, the line of separation is in the plane of “doubling,” although 
it is true the accuracy of the measurement will not be affected, still 
a difference of height or level may be erroneously inferred; which will 
be mentioned again farther on. On the other hand, all the existing 
constructions with undivided exit-pupil have the disadvantage of 
chromatic dispersion, which is absent in the case of the plane parallel 
plates. 

For measuring the curvature of the cornea in different normal 
sections, MrppELBuRG! used a large ring on which the lights could 
be oriented in various meridians; whereas Worinow? and HeEtm- 
HOLTZ? employed a mirror-arrangement which made it possible to 
have a stationary source of light. None of these devices was well 
adapted for obtaining collimation by variation of the size of the object. 
But the numerous readings that had to be made with the ophthalmo- 
meter and the laborious calculations were avoided by LaNDOLT‘ in an 
instrument called at first a diplometer, in which the glass plates 
were replaced by prisms, and the collimation was produced by dis- 
placing the prisms along the axis of the instrument. 

Originally, flames were used for the object in ophthalmometric 
measurements. But just as soon as these were replaced by the diffused 
light reflected from white surfaces, the very modifications could be 
introduced that made possible the beneficient use of ophthalmometry 

1 Der Sitz des Astigmatismus (nach MippELBuRG). A letter from F. C.. Donprrs to 


A. v. GRAEFE. Arch. f. Ophth. X, 2. 1864. 8. 83. 
2M. Wo1now, Ophthalmometrie. Wien 1871. 


‘H. v. Hetmuyortz, Handbuch der Physiologischen Optik. 2. Aufl. Hamburg and 
Leipzig 1896. 


*]. Lanvotr, L’ophthalmométre, Compte rendu et mémoires du congres international de 
Geneve. 1878. 
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in clinical practice. Javau and Scusorz! used for the object a pair 
of diffusely illuminated white areas, which could be displaced on a 
circular arc with its centre in the eye of the patient. The are could 
be rotated around the axis of the instrument. With this apparatus 
the investigation of any normal section was just as easy as that of the 
horizontal meridian. The collimation was easily made by adjusting 
the relative positions of the white areas. The advantages of constant 
“doubling” without dividing the exit-pupil were completely realized 
by using a WoLLasTon prism. And various details of practical con- 
struction were contrived to facilitate the manipulation of the instru- 
ment. 


Fig. 123. 


The original model of the ophthalmometer of Java and Scusorz. 
had the external appearance shown in Fig. 123. A notch at E and a 
pin at G serve as sights for adjusting the instrument. The WoLLAsTon 
prism is inserted at W between two convex lenses, one of which makes 
the light parallel that comes from the reflex image in the cornea, 
while the other acts as object-glass of an astronomical telescope. 
The two white areas or “mires” are shown at M and M’. Their actual 
appearance is illustrated in Fig. 124 in which the distance indicated 


1 Java et Scus6tz, Un ophthalmométre pratique. Transactions of the international 
medical Congress. VIII. Session. London 1881. III. p. 30. Annales d’oculistique. LXXXVI. 


1881. p. 5. 
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by D represents the size of the object, the collimation being made 
with reference to the lines ab and cd. The steps or graduations on one 

D of the white areas are cal- 
culated so that when the 
images overlap, each step 
corresponds to one di- 
optry of cornea-refraction, 
supposing there were no 
difference between the in- 
dex of refraction of the 
cornea and that of the 
aqueous humor. The result of the measurement of a section of the 
cornea will be given in the form of a certain number of dioptries D, 
determined by the equation 


Fig. 124. 


Da GD 
p : 

where p denotes the radius of curvature in millimetres and n = 1.3375. 

Since the “doubling” takes place without division of the exit- 
pupil, and hence apparent displacements of the images in case of such 
division are not to be expected here, a difference of level of the images 
indicates that the longitudinal dimension of the reflex image does not 
lie in the plane of ‘‘doubling,”’ as is the case with the object, and that 
therefore in the reflection from the cornea a rotation has occurred. 
The distance to be measured is the distance between the middles of the 
two lines ab and cd in Fig. 124. If the cornea is a surface of revolution 
around the axis of the instrument, this line will be a meridian line, 
and the same thing is true with respect to its image as reflected in 
the cornea, and hence there cannot be a difference of level. But if 
the cornea is astigmatic, with two planes of symmetry, the object-line 
will not be an imageable line unless it is oriented in one of the principal 
sections of the cornea; so that the image-line lies also in the same 
principal section, and a difference of level is again excluded. But if 
the object-line is between the two principal sections, the reflected image 
is formed by optical projection. The best way to understand what 
takes place here is to draw from the two ends of the object-line two 
lines perpendicular to the principal sections of the cornea, which will 
make a rectangle whose diagonal is the object-line itself, and whose 
sides are imageable lines. The two dimensions of this rectangle in the 
image reflected in the cornea are determined by the two magnification- 
ratios that are approximately inversely proportional to the refracting 
powers of the principal sections of the cornea; so that the reflected 
image is a rectangle whose sides are indeed oriented correctly but are 
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of different lengths relative to each other; which means that the diag- 
onal of this rectangle is not in the same plane as that of the object. 
Consequently, its extremities which are to be collimated in the measure- 
ment cannot both be brought at the same time in the plane of ‘‘doub- 
ling,” and hence there is a difference of level. The mathematical 
meaning of this proof is, that in optical projection the inclination to 
a principal section of a line which does not lie therein is varied when 
the coefficients of projection for lines which are in the two principal 
sections have different values; and that when the distance apart of 
image-lines corresponding to the two imageries is neglected, these 
coefficients are the same as the magnification-ratios. The proof is 
strictly valid only for a very small object-line. The exact proof 
for the size that is employed cannot be given without taking account 
of the laws of optical projection of higher order. When there is 
considerable asymmetry in the structure of the cornea, the relations 
that exist are quite a complicated problem; but if there is a plane of 
symmetry, it is certain that the difference of level will not vanish 
except for this plane and the one perpendicular to it, provided the 
axis of the instrument is in the plane of symmetry. 

Easy location of the principal sections, as shown in the regular cases 
by absence of difference of level, convenient collimation mechanism, 
and direct reading of the result,—these are the principal advantages 
of the ophthalmometer of Javau and Scus6Tz, which, along with 
the handy form of the entire instrument, have resulted in the employ- 
ment of the methods of ophthalmometry in ophthalmological practice. 

However, these modifications of HELMHOLTz’s original construction 
are not without disadvantages. The amount of doubling is nearly 
3mm. On the supposition that the investigation is made in a plane of 
symmetry, this is a measure that depends on the angle between a pair 
of normals in this plane drawn to the surface of the cornea at points 
which are about 3 mm apart, a measure that does not give the radius 
of curvature exactly. Moreover, this measure is not perfectly 
precise except for a definite value, namely, 45 dioptries, because this 
is the value for which the instrument is calibrated; but the arc itself 
is graduated by calculations based on the laws of imagery of the 
first order that are not entirely permissible for the size of object that 
is used. Thus errors are introduced depending on the construction, 
and they are very difficult to eliminate. It is true these errors are 
not sufficiently great to affect the value of the instrument as it is 
used in the practice of ophthalmology, but for certain finer physio- 
logical researches they limit always the applicability of the results 
obtained by measurement. Besides, there are other possible errors 
due to focusing and collimating. With respect to the former, the 
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distance for which the graduations on the scale are calculated can be 
obtained only by sharp focusing on the cross-hairs; nor does the. 
“doubling,” which is the basis of the calculation, correspond to the 
real “doubling” unless the focusing is sharp. These errors due to 
faulty focusing are cumulative. For instance, if the image formed by 
the object-glass is between it and the cross-hairs, so that the instru- 
ment is therefore too far away from the patient’s eye, supposing that 
the “doubling” remains invariable, the object will have to be made 
larger to give a reflected image of unchanged size. The collimation 
occurs at a point on the axis. Now if the path of the light is traced 
backwards from this point, the chief ray lies along the axis at first 
until it comes to the cemented surface of the WoLLasTon prism 
where it is split in two rays. The two chief rays which meet the image 
reflected in the cornea in the two points that are to be collimated 
diverge, therefore, from the apparent place of this point, and the 
“doubling” increases with the distance of the instrument from the 
patient’s eye; so that the object must be made greater still than 
if the “doubling” did not depend on the distance. In order to avoid 
these errors as much as possible, a very sharp focusing on the cross- 
hairs is necessary, and if the measurements are to be very precise, 
it will be well always not to forget H&LMHOLTz’s advice!, to regulate 
the focusing by parallax displacements of the eye of the observer— 
which means however that the aperture of the ocular must be suffi- 
ciently large. 

With regard to the collimation error, the effect of the chromatic 
dispersion of the prism tends to make it worse, because the edges to 
be collimated have coloured borders whose appearance is affected by 
the intensity and composition of the illumination that is used. Modern 
instruments have transparent mires and incandescent electric lights, 
whereby bright reflected images are obtained without very disturbing 
coloured borders; as this light is relatively poor in rays of short wave- 
length, so that the spectrum appears shorter also. This disadvantage 
can be still further reduced by using coloured glasses. Another thing 
that influences the amount of the collimation errors is the form of the 
figure to be collimated, which has undergone numerous modifications 
since the first model of the instrument. The first improvement was 
with respect to the collimation for adjusting the level of the images, 
and consisted in providing the white mires with a black line lying in the 
plane of the “doubling.” This serves the purpose in a very satisfactory 
way, since the line appears continuous without any break in it when 


‘As given by Javau, Contribution 4 lophthalmométrie. Annales d’oculistique. 
LXXXVII. 1882. p. 213. 
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the two images are exactly in level, and since the eye has a remarkable 
power of detecting a very small displacement of the two parts of this 
line with respect to each other. On the whole, a similar contrivance 
is best also for the collimation in making the measurements. The 
purpose of the steps on the mire is to have a convenient way of reading 
the amount of astigmatism. The best way to do this is to make the 
adjustment for the first principal section by using a certain one of the 
mires always for this purpose, and then in the other principal section 
to collimate by displacing the other mire. Therefore, at the beginning 
of the measurement the latter one must always be brought to the 
zero-point of the scale corresponding to symmetrical adjustment of 
the mires for correct collimation and for the average value of the 
curvature of the cornea. When the investigation is finished, the 
curvature in the first principal section is read off by the position of 
the first mire, and the degree and sign of the corneal astigmatism by 
the position of the second mire. On a scale where an interval of 1° 
corresponds to a dioptry, the zero-point, for example, can be taken 
on the left-hand part of the arc at 22° from the axis, and a scale can 
be added reading to 10° in both directions. Then the point on the 
right-hand part of the are which is symmetrical to the zero-point 
will be marked by the number 44. With such an arrangement of the 
scale the steps on the mires are superfluous, and therefore the forms 
of the figures to be collimated can be constructed solely with a view 
to the sharpest collimation. 

It almost goes without saying that the errors of measurement 
with modern ophthalmometers, even in the case of long practice 
and highest skill on the part of the observer, are not to be lightly 
estimated. The collimation error, indeed, with the instruments now 
in use, ought not to be more than 1/4 dioptry, and may be rather less 
when the figures to be collimated are advantageously constructed. 
But the focusing error, which depends in great measure on the skill 
of the observer and the repose of the patient, will not be certainly below 
this value except under the most favourable circumstances; so that 
as a usual thing the possible error may be estimated at between 1/4 
and 1/2 dioptry. While these errors are comparatively unimportant 
for purposes of ordinary practice, they cannot be left out of account 
in the more precise measurements of corneal astigmatism or in the 
measurements of the radius at several points in one and the same 
principal section. 

In case of the measurement just mentioned the large “doubling” 
comes also into consideration. When we try to get rid of this dis- 
advantage by using a prism with half the “doubling,” the collimation 
errors will be doubled. 


308 Dioptrics of the Eye [264, 265. G. 


In addition to the ophthalmometer of JAvAL and ScuJ6Tz, which 
was modified in some ways in the new model of 18891, a few other 
types will be briefly mentioned here. The instrument-maker Kacz- 
naar of Utrecht employed a biprism construction instead of the 
Wo ..LasTon prism; and consequently his ophthalmometer has a 
divided exit-pupil, the line of separation being vertical and lying in 
the “doubling” plane.. The result is there are no difficulties about 
levelling the reflex images, but the apparent displacements that 
are possible with divided exit-pupil have an effect on the final result, 
which therefore is subject here to an additional source of error. On 
the other hand, while the Hetmuotrz plates are retained in the 
ophthalmometer of Leroy and Dvusois,? the “doubling” in this 
instrument is constant; and thus ceteris paribus the focusing error 
is reduced, although, otherwise, the difficulty as to contact-adjustment 
of the two images mentioned above militates against the practical 
use of the instrument. The most perfect construction from a theo- 
retical standpoint is represented by the Surciirrr ophthalmometer.* 
The exit-pupil is divided here too—indeed divided into five parts— 
but the apparent displacements thus produced are ingeniously utilized 
as a check on the sharpness of the focusing. Two mutually perpendi- 
cular normal sections are measured simultaneously, as the observer 
sees three images. In investigating the vertical and horizontal 
meridians the central part of the exit-pupil produces one image; 
a second image is due to the upper and lower parts; whereas the 
third image is formed in the same way by the right and left parts. 
The apparent displacements that occur in case of error in focusing are 
accompanied by a “‘doubling”’ of the two images last mentioned, which 
will not disappear until the focusing is right. The ‘doubling’ in 
the two mutually perpendicular meridian planes of the instrument is 
variable, the object itself being fixed and having a form very favourable 
for exact collimation. Thus, while errors of both focusing and collima- 
tion appear to be reduced to a minimum, perhaps the greatest ad- 
vantage of all is to be found in the fact that here the correct collima- 
tion in both principal sections is checked by a glance. The measure- 
ment of corneal astigmatism as thus obtained is far more reliable, 
inasmuch as the ordinary method of determination may involve a 
summation of the errors of two successive focusings, and consequently 
a bigger error may be made in comparison with the degree of the 

1SuizErR, Description de l’ophthalmométre Java et Scnyérz. Modéle 1889 in Mé- 
motres d’ophthalmométrie par E. Javau. Paris 1890. 


>C. J. A. Leroy et R. Dusors, Un nouvel ophthalmométre pratique. Annales d’ocu- 
listique. XCIX. 1888. p. 123. 


3 J. H. Surcuirre, One-position ophthalmometry. The optician and photographic trades 
review. XXXIII. 1907. Supplement p. 8. 
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physiological corneal astigmatism; whereas in this new method such 
is not the case. Practical experience with this instrument in the Upsala 
clinic has completely demonstrated its superiority for investigating 
corneal astigmatism. 

However, the great advantage of finding the astigmatism by a 
single measurement may be obtained also with the ordinary ophthal- 
mometer, because, as the writer has pointed out,! this can be ascer- 
tained from the contact-difference (Denivellation) in a plane making 
an angle of 45° with the principal sections. For this purpose all that 
is needed is to make one of the white mires in the ordinary ophthal- 
mometer adjustable in a plane at right angles to the plane of ‘‘doub- 
ling” and to add a corresponding scale. The scale interval corres- 
ponding to one dioptry must be half as great as that of the scale in 
the plane of the collimation-figure which is calibrated for measurement 
of the radii. 

These methods enable us to find simultaneously the radii that are 
to be compared with each other. The only way to do this, when the 
problem consists in ascertaining the radii at different points in one and 
the same principal section, is by photographing the reflex image in the 
cornea. Such measurements, it must be admitted, take much time and 
require also special apparatus made for the purpose. Consequently, 
they are not suitable for the general run of practice, but on the other 
hand they give a resultant accuracy that previously could not be ob- 
tained in any other way. In this method the writer? used an object 
which gave the radius at seven points in one and the same principal 
section at the same time. The corresponding parts of the object were 
computed so that their reflex images in a spherical surface all had the 
same size, for example, about 2/3 mm for a radius of 7.8 mm. 

After this concise description of the means that are employed 
nowadays of investigating in numerous ways the form of the anterior 
surface of the cornea, let us pass on to a summary of the results. 
HeELMHOLTz was perfectly justified by the knowledge of geometrical 
optics in his day in regarding the form of the non-astigmatic cornea 
as elliptical, because the dioptric behaviour of an ellipsoid was known, 
but the asymmetry values that are characteristic of the dioptric 
behaviour of any surface whatever were not known. Accordingly, 
as soon as the asymmetry of the cornea with respect to the visual 
axis had been established, there was nothing better to do than to 


1A. GuLustraNnD, En praktisk metod att bestamma hornhinnans astigmatism genom 
den s. k. denivelleringen af de oftalmometriska bilderna. Nordisk Oftalmologisk Tidskrift. 
1889. 

2 Photographisch-ophthalmometrische und klinische Untersuchungen tber die Horn- 
hautrefraktion. Kungl. Sv. Vet. Akad. Handl. 1896. Bd. 28. 
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calculate by means of it the constants of the ellipsoid in question. 
HeLMHOLTz’s own statement, that the ‘representation of the form 
of the cornea by an ellipsoid is for the time being a fairly close approxi- 
mation,” is still true today, although subsequent investigations have 
shown that a different view gives a better approximation. 

Bux, by an entirely peculiar ophthalmometric method of his 
own, whose greatest advantage, however, lies in the determination 
of the situations of the ocular refracting surfaces, and which therefore 
will not be described until later, was the first to demonstrate that the 
form of the cornea is considerably different from that of an ellipsoid. 
As was pointed out by AuBERT® at the time, these differences may be 
most simply expressed by saying that in a central ‘optical zone” the 
variations of curvature are less, whereas in the rest of the cornea 
they are greater, than they would have to be if the curvature were 
elliptical. The curvature of the optical zone, which corresponds 
roughly to the diameter of a pupil of medium size, is approximately 
spherical, or at any rate the accuracy that is attainable in ophthal- 
mometric measurements is not high enough to enable us to compute 
the constants of an ellipsoid that might represent its variation from 
a spherical form. The form of the cornea has been better ascertained 
from the researches of SutzER‘ and Errksen,® who have supplied us 
with a considerable mass of data to show that the flattening of the 
cornea out toward the periphery not only is frequently asymmetrical 
both horizontally and vertically, but is also in most instances more 
rapid in the latter meridian than in the former. On the other hand, 
SuLzer’s conclusions from this last fact concerning the variation of the 
astigmatism of the eye with the size of the pupil are due to the erro- 
neous idea that there could be any such thing as astigmatism of an 
annular zone of the cornea, which is mathematically impossible. And 
ERIKSEN’s views about the astigmatism at various places in the 
cornea are simply mathematical consequences of the flattening out 
toward the periphery. 

Qualitatively, these researches of SuLzeER and ERIKSEN are con- 
vincing, because the results given above follow from a comparison of 
the flattening in different directions. But, quantitatively, they are 


1 Handbuch d. phys. Opt. 2. Auflage. S. 17. 
°M. Bux, Oftalmometriska studier. Upsala Ldkareférenings Férhandlingar. XV. 1880. 
8. 349. 

°H. Ausert, Nahert sich die Hornhautkriimmung am meisten der einer Ellipse? 
Priiieers Arch. f. d. ges. Physiologie. XXXV. 1885. Die Genauigkeit der Ophthalmo- 
metermessungen. Ibid. XLIX. 1891. 


‘La forme de la cornée humaine et son influence sur la vision. Arch. d’Ophth. XI. 1891. 
p. 419. XII. 1892. p. 32. 


5 Hornhindemaalinger. Aarhus 1893. 
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not satisfactory to the same degree, because measurements with an 
ophthalmometer merely give the angle between two elements of the 
cornea separated by an interval depending on the amount of ‘“‘doub- 
ling” in the instrument, whereas the measurements were made for 
smaller angular steps. With the ophthalmometer of Javau and 
ScuJ6Tz the angle measured in case of normal corneal curvature, 
with the “doubling” usually employed, is more than 20°. If the 
measurements are repeated at intervals of 5° in the direction of 
fixation, the reflex image of one of the mires in the next four measure- 
ments is still inside the part of the surface measured first, and the 
assumption that these five measurements have given the curvature 
at five different places is therefore not justifiable. This comment, 
however, is less applicable to ErrksEn’s researches, because in his 
work the amount of ‘“‘doubling”’ was only 1 mm. The mathematical 
utilization of the form of the cornea as thus found for investigating 
the refraction of the rays depends, however, on the assumption that 
in each successive measurement one end of the object is reflected from 
the same place on the cornea as the opposite end in the preceding 
measurement. This requirement, together with the use of sufficiently 
small surface-elements in the measurements, has heretofore not been 
fulfilled except in the photographic methods of the writer. 

The disc shown in Fig. 125 was employed as object, which was 
made in such manner that the intervals between one circle and the 
next were proportional 
to the radii of the cor- 
responding surface-ele- 
ments. It was photo- 
graphed for five 
different lines of fixa- 
tion, namely, when the 
eye was directed right 
toward the objective, 
and when the line of 
fixation was turned in- 
to the four principal 
directions, such that 
the most peripheral 
surface-element mea- 
sured in the central 
adjustment coincided 
precisely with the most 
central element measured in the peripheral adjustment. The photo- 
graph was measured on a dividing engine with a microscope, the 


Fig. 125. 
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readings being corrected by the periodic errors of the screw, as care- 
fully ascertained. The precision of the measurements, checked by 
numerous trials, was obtained by dividing the rings in two parts as 
shown in the figure, since the cross-hairs could be sharply set on the 
bright space in the photographic negative without difficulty. The 
angles between the normals to the cornea at the different places 
used for reflection and the normals parallel to the visual axis were 
known from the construction of the apparatus; and the corresponding 
radius was found by measurement, since it was considered as belonging 
to that point where the normal made equal angles with the normals 
at the two extreme points of the element to be measured. As result 
of these investigations, the writer obtained the complete measurement 
and calculation of a typical normal cornea, some data of which are 
herewith subjoined. 


ee Senate VERTICAL HorizontTaL 
centre of the 
measured element Upwards Downwards Inwards Outwards 
OS ueLoo Ou Bike 28.5 27.9 32.3 
34° =3’ 50% 41.7 36.6 28.4 38.8 
29° 14’ 20” 35.2 40.2 37.4 41.2 
242s 24 50 37.7 41.2 40.9 43 .6 
19233 ae Oe 39.8 42.2 42.5 43.5 
1 Taye aki 41.7 43.4 42.8 44.0 
92 4 1047 42.8 43.8 43.5 43.8 
4° 49’ 30” 43.3 43.6 43.8 43.4 
Opn O maine 44.5 44.2 


The radii of curvature here are calculated in dioptries by assuming 
the value 1.3375 for the index of refraction, as is usual in ophthalmo- 
metry. A graphical representation of the results of this table is given 
in Fig. 126 after the method used by ErtxsEen; which shows very 
distinctly the comparatively slight variation of the radius of the 
cornea in the central portions and the rapid flattening in the peripheral 
regions, together with the asymmetry both vertically and horizontally 
and the flattening that begins nearer the centre in the vertical section. 
The irregularities of the curves are due to the unavoidable errors of 
observation, irrespective of the method, and dependent on the fact 
that, as a matter of fact, the first refracting surface of the dioptric 
system of the eye is not the anterior surface of the cornea but the 
fluid layer resting on it which is responsible for the reflex images 
employed in the ophthalmometric investigation. In the photographic 
method, doubtless, it would not be difficult to smooth out these 
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irregularities by exact mathematical methods, since seven measure- 
ments are always taken at once, and.by virtue of the construction 
of the disc the various errors cannot amount to anything more than 


Fig. 126. 


that one of the radii of two adjacent elements comes out just as much 
too large as the other is too small. But this mathematical labour 
would searcely be worth while, for, although the curvature asymmetry 
of the cornea at the point of incidence of the effective chief ray in the 
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ocular imagery might thus be determined, this value would be of 
little further use until we knew more than we do at present about the 
form of the lenticular surfaces. 

We must not omit to mention here that MarruressEen! endeavoured 
to compare the curvature of the horizontal section as obtained above 
with that of an ellipse. The writer had assembled in a table the 
coérdinates of all the points of the cornea employed in the reflection, 
and from these coérdinates MAaTTHIESSEN computed the tangential 
ellipses. Now if the curvature were elliptical, the ellipses thus ob- 
tained ought to have coincided approximately with one another. 
But the semi-axes majores of these ellipses vary from 14.46 to 8.62, 
although the first measurement on the nasal side and the two first 
on the temporal side were left out of account—and hence the central 
part of the optical zone was not considered. In the writer’s opinion 
therefore the agreement is not satisfactory, but at the same time he can 
endorse MatTTHIESSEN’s conclusion, that from the rest of the 15 co- 
ordinates there is a basis for making an ellipse in the horizontal section 
of the cornea which agrees fairly well with the average values of the 
measurements of other workers. All that can be concluded from 
this is, that, in vision with a pupil of medium size, the assumption of a 
spherical shape for the utilized part of the cornea is provisionally 
the best approximation; and in cases where the excentric parts of 
the cornea are predominantly effective (as in certain investigations 
of the lens constants) the ellipse may continue to be considered as a 
better approximation than any similar hypothesis. 

Moreover, the curves exhibited in Fig. 126 represent the quali- 
tative results obtained by SuLtzer and Eriksen most faithfully, 
as might have been expected from the fact that these diagrams are 
derived from a typically normal cornea, while the researches of those 
writers relate to a large number of eyes. Another thing in common 
is that the starting point corresponds to the line of fixation of the 
patient when he looks right into the objective of the instrument. The 
point designated by zero in the preceding table is therefore the point 
of the cornea for which the normal is parallel to the line of sight 
(Visterlinie); and since this is always the origin in modern clinical 
ophthalmometry, it may be called the ophthalmometric axial point. 

Starting from this point, the form of the normal cornea can be 
described by saying that there is a central optical zone where the 
curvature is approximately spherical, and which extends horizontally 
about 4mm, and somewhat less than this vertically, and is decentrated 

1 L. Marruixssen, Uber aplanatischen Brechung und Spiegelung in Oberflachen zweiter 


Ordnung und die Hornhautrefraktion. Priiigers Arch. f. d. ges. Phystolagie. XCI. 1902. 
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outwards and usually also a little downwards; and that the peripheral 
parts are considerably flattened, decidedly more so on the nasal side 
than on the temporal, and usually more so upwards than downwards. 

Out from the ophthalmometric axial point the pupil also is decen- 
trated outwards and usually a little downwards, corresponding indeed 
in extent very nearly to the decentration of the optical zone, so that 
in the most typically regular eyes the latter can be considered as 
approximately centered with respect to the pupil. Accordingly, in 
ascertaining the centering of the refracting surfaces of the eye, the 
best procedure is to take the normal to the cornea which goes through 
the centre of the pupil as being the optical axis of the eye. Strictly 
speaking, the eye has no optical axis, because the refracting surfaces 
are not exactly centered; but a line has to be chosen that satisfies 
the requirements of such an axis approximately. The orientation of 
this axis is easily found, by placing a perforated round white disc at 
the objective of the ophthalmometer or of a telescope, whose reflex 
image is adjusted concentrically to the pupil by motion of the patient’s 
eye; and then all that remains to be done in order to obtain the re- 
quired data is to adjust the fixation mark. 

However, more important for the dioptrics of the cornea than this 
measurement is the angle of incidence of the line of sight, and the 
orientation of its plane of incidence. The special significance of the 
line of sight, which with respect to the imagery-laws of the first order 
is the chief ray of the bundle of effective rays in distinct vision, and 
which proceeds from the point of fixation to the apparent centre of the 
pupil, consists partly in the fact that for the actual convergence of 
rays in the eye it has the same role as in the fictitious collinear imagery 
is ascribed to the visual axis (Gesichtslinie) that passes through the 
anterior nodal point; because its orientation can be exactly ascertained. 
Practically, indeed, it is quite immaterial whether we speak of the 
line of sight (Visierlinie), line of fixation (Blicklinie) or visual axis, 
so far as inclination to the optical axis is concerned, because the 
differences between these angles are below the limit of the possible 
errors. But since the position of the line of sight can be accurately 
found, whereas that of the visual axis cannot, it is better generally 
to reckon only with the former, as was first pointed out by Burx.? 
The angle of incidence thereof was measured by Lrroy?, and after- 
wards by the writer. The most accurate results are obtained with the 
HeLMHOLTz ophthalmometer, by placing the fixation mark on the 


1 Loc. cit. 

2 De la Kératoscopie ou de la forme de la surface cornéenne, déduite des images ap- 
parentes réfléchies par elle. Arch. d’ophth. IV. 1884. 

* Loe. cit. Skand. Arch. f. Phys. II. 1890. 
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prolongation of the axis of the instrument and adjusting a small source 
of light so that the reflex image is seen in the centre of the pupil. 
By rotating the plate-carriage on the ophthalmometer until the source 
of light lies in the plane of “doubling,” and by turning the plates 
until the double images of the source each coincide with an edge of 
the doubled pupil, the proper adjustment of the source of light can 
be made. In this delicate experiment it often appears that the angle 
of incidence depends on the size of the pupil, and hence this angle 
should be ascertained always for a medium size of pupil of 4 mm. 
The quotient of the distance of the light-source from the axis of the 
ophthalmometer by the distance between the vertex of the cornea and 
the plane passed through the source perpendicular to the axis is equal 
to twice the tangent of the required angle of incidence. By similar 
centering of the reflex image of a round white disc this angle can be 
found without an ophthalmometer. In normal eyes the writer has 
found it to vary from 0° to 6°, and sometimes he has obtained negative 
values; in which case, therefore, the source of light had to be shifted 
towards the nose from the axis of the instrument. The angle between 
the plane of incidence and the horizontal plane may amount to as 
much as 30° in perfectly normal eyes, and it usually extends in the 
direction from above inwards to below outwards when in the perfectly 
normal eye there occurs a perceptible deviation from the horizontal. 
For very small values of the angle of incidence, generally every orienta- 
tion of the plane of incidence is possible. The angle between the line 
of sight and the optical axis is always larger than the angle of inci- 
dence, and as a rule is rather more than half as much again. Thus, 
if P, P’ in Fig. 127 designate the real and apparent positions, respec- 
tively, of the centre of the pupil, and if w denotes the angle between the 
line of sight and the optical axis and 7 the angle of incidence, then 
sin u:sint=p:(p—d), 
where d denotes the apparent depth of the anterior chamber of the 
eye, and p denotes the radius of curvature of the optical zone of the 
cornea. For small angles the value found is sufficiently accurate 
when the angles themselves are substituted for their sines; and for 
an apparent depth of the anterior chamber of 3 mm and a radius of 
7.8 mm, the ratio is 1.625. It may be remarked that the first of the 
measurements given by HELMHOLTz at the end of §3 for the position 
of the centre of the pupil with respect to the axis of the cornea, as 
determined by the constants of the ellipse, shows complete agreement 
between this axis and the optical axis which is assumed here, within 
the limits of the errors of observation; while the differences that 
occur in the other two measurements are not greater than can be 
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explained by the asymmetry of the horizontal section of the cornea 
and the consequent deviation from the elliptical form. 

Accordingly, it would seem to be justifiable to employ the angle 
of incidence of the line of sight and the inclination of this line to the 
optical axis, both of which angles 
can be easily measured at present 
with the usual apparatus, instead 
of the angle a between the visual 
axis and the axis of the corneal FP 
ellipse, which Herumuourz uses. 

The angle which HeLmHo.rz! calls 

8, and which in the literature of z 

physiological optics is sometimes 
denoted by a and sometimes by 7, 
is the angle between the line of 
fixation and the normal to the 
cornea that goes through the centre 
of the optical zone of the cornea. 
This angle is entirely without significance for the dioptrics of the eye. 

With respect to the curvature of the optical zone of the cornea, in 
consequence of what has been stated above concerning the accuracy 
of measurements with modern ophthalmometers, we may attach 
comparatively high value to the old investigations, which have been 
compiled by DonpErs.? For 110 adult men the average value was 
7.858 mm, the maximum and minimum values being 8.396 and 7.28. 
For 46 women the corresponding values were 7.799, 8.487 and 7.115. 
From these numbers HELmuHoutz derived the schematic value 7.829. 
Much more extensive numerical data are available for modern ophthal- 
mometry. Stereer’ found the average value of the corneal refraction of 
1916 eyes to be 43.03 dioptries, corresponding to a radius of 7.843 mm. 
Suuzer! takes the average’ value as 43.7 dioptries, corresponding to 
a radius of 7.723 mm. The discrepancy here can easily be accounted 
for by the unavoidable personal equation. In view of the fact that the 
third decimal figure is uncertain, and since SuLzER’s material was 
not as extensive as STEIGER’s, perhaps the nearest approach to the 
truth is to estimate the ophthalmometric average value of the radius of 
curvature of the optical zone of the cornea at 7.8 mm; and, on the basis 
of Donpmrs’ numerical results as given above, to put the physiological 
limits at 7 and 8.5 mm—numerical values which may henceforth be 

1 Handbuch d. phys. Opt. 2. Auflage. S. 19. 

2 F. C. Donpers, On the anomalies of accommodation and refraction. London 1864. ; 

?Apotr SrricER, Beitrdge zur Physiologie und Pathologie der Hornhautrefraktion. 


Wiesbaden 1895. 
4 Loe. cit. 


Fig. 127. 
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generally assumed and which are not inconsistent with exact investi- 
gations. So far as the limiting values are concerned, the lower one 
may be surpassed in microphthalmos and in keratoconus, and the 
upper one in flattening of the cornea in post-operative pressure or after 
ulcerations; but under all circumstances these limits are likely to be 
wide enough for physiological relations. From SrricEr’s results the 
variations are found to lie between 7.5 and 8.1 mm in at least about 
80% of the cases, since in 88.5% the refraction was found to be between 
41.25 and 45 dioptries. The sexual difference of corneal curvature as 
indicated by the above data of Donpmrs was established by the larger 
material of SrziceR (mean value for boys and girls 42.89 and 43.15 
dioptries, respectively). His investigations indicate that the cornea 
becomes flatter with advancing years; but it is doubtful whether 
the material was sufficient to decide this question. However, his 
measurements prove that there is a connection between the radius 
of the cornea and the distance of the pupil; just as a similar connection 
between this radius and the size of the body and the circumference 
of the head is indicated by the investigations of Bourcrois and 
TSCHERNING,! since a larger anthropometrical measure implies a 
larger mean value for the radius of the cornea. 

However, although the curvature of the optical zone of the cornea 
is nearly spherical both vertically and horizontally, this is not the case 
with the zone as a whole. For the normal condition is an appreciable 
astigmatism. This physiological corneal astigmatism was definitely 
ascertained by the ophthalmometric measurements carried out first by 
NorpENson.? Concordant results of various investigators show that 
its average value amounts to between 0.50 and 0.75 dptr, and that 
the section of least curvature is not very far from the horizontal 
direction or the longitudinal extent of the eye-slit. As evidence 
thereof StricER’s figures may be used. He found a mean value of 
0.78 dptr in 3170 eyes. But when the eyes were left out of account 
that had an astigmatism of more than 2.0 dptr, which are always to be 
regarded as pathological cases, he obtained with 3073 eyes an average 
value of 0.70 dptr, and in two-thirds of these the corneal astigmatism 
was between 0.50 and 1.0 dptr, and in nearly seven-eighths of them 
between 0.25 and 1.25 dptr. In 89.4% of the eyes the direction of 
the section of least curvature was horizontal. 

A change of corneal astigmatism with the age of the patient has been 


1 Recherches sur les relations qui existent entre la courbure de la cornée, la circonfé- 
rence de la téte et la taille. Ann. d’oculistique. XCVI. 1886. 

2K. NorpENsoN, Recherches ophthalmométriques sur l’astigmatisme de la cornée chez 
les écoliers de sept 4 vingt ans. Ibid. XC. 1883. 
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certainly shown by the researches of Scu6n,! Steiger and Prauz.2 
The astigmatism is said to be with the rule or against the rule, according 
as the section of least curvature makes an angle not greater than 30° 
with the horizontal or vertical planes, respectively, or coincides with 
one or the other of these planes (also referred to sometimes in the 
literature of the subject as ‘‘As. rectus” or ‘‘As. perversus” and “direct 
astigmatism” or “inverse astigmatism’’). It is found that, with 
advancing years the physiological astigmatism with the rule decreases, 
whereas the percentage of cases with corneal astigmatism against the rule 
increases. Connected with this variation is an increase of the number 
of cases in which the principal meridians of the astigmatism are not 
the horizontal and vertical planes. This is also easily explained, since 
static influences, which with distinct astigmatism were not sufficient 
to produce an appreciable change in the form of the cornea, are 
necessarily more and more in evidence with steadily diminishing 
astigmatism. 

The geometrical surface that represents the form of the optical 
zone of the cornea when its curvature may be regarded as spherical 
both horizontally and vertically is a toric surface. This is a surface 
generatea by the revolution of the are of a circle about an axis in its 
plane, or, according to the geometrical definition, is the enveloping 
surface of a sphere whose centre moves along a circle. 

According to a general law of the theory of curved surfaces, known 
as Dupin’s theorem, the form of any section of the anterior surface 
of the cornea made by a plane perpendicular to the axis and infinitely 
close to the ophthalmometric axial point is elliptical; and the axes 
of the ellipse are to each other as the square roots of the radii of 
principal curvature, so that the vertical axis is the axis minor in normal 
physiological astigmatism. But if we suppose a number of such 
sections of the cornea to be made in succession, the form of each curve 
being ascertained by the ratio between its horizontal and vertical 
diameters, on account of the marked flattening that occurs in the 
vertical section of the cornea, the contour of these slices will be found 
to be such that the deeper we go, the less this ratio becomes. It is still 
problematical as to what is the depth when this ratio is unity. But 
that it does occur before we come to the base of the cornea, can be 
seen from the codrdinates calculated for the case illustrated by the 
curves above (which is the only case so far for which such a calculation 
can be made). From the table in question it is sufficient to give here 
three points in each direction as follows: 

1W. Scuén, Die Akkommodationsiiberanstrengung usw. Arch. f. Ophth. XXXIII. 
1. 1887. 


2G. Prauz, Uber Astigmatismus perversus — eine erworbene Refraktionsanomalie. 
Zeitschr. f. Augenheilkunde. III. 1900. 
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Nasal Temporal Upwards Downwards 

fe y & y ey y x y 
0.860 3.556 0.831 3.483 0.905 3.680 0.856 3.541 
1.231 4.218 1.168 4.084 1.298 4.383 1.201 _ 4.157 
1.792 5.048 1.579 4.692 1.680 4.948 1.636 4.801 


In this table x denotes the depth of the section from the ophthal- 
mometric axial point, and y denotes the distance of the point on the 
surface from the ophthalmometric axis. If the 12 points are con- 
structed, it is found that, for a given value of x the values of y are 
larger upwards than inwards, and larger downwards than outwards; 
and hence that the vertical diameter of the section is greater than its 
horizontal diameter. However, this is on the assumption that the 
outer portion of the eyeball is similar in form. Hence, from the 
more considerable flattening of the normal cornea vertically, it follows 
that a section of the outer portion of the eyeball just behind the 
cornea and perpendicular to the line of sight must have a longer 
diameter vertically than horizontally. It appears, moreover, that 
if the cornea were not under the influence of external forces, its natural 
form would have to show astigmatism against the rule. How the 
actual form of the cornea comes to be different from this natural 
form, is exactly what might be expected from the action of external 
forces due to the pressure of the eyelids. Since this pressure is exerted 
only upwards and downwards, and. by reason of the structure of the 
lid-slit must be stronger in the former than in the latter direction, 
it must produce a flattening corresponding to the surface of contact, 
which affects only the vertical section, and must be more pronounced 
above than below. The compression from above downwards must also 
result in a direct astigmatism (astigmatism with the rule) of the 
optical zone. That this mechanism is sufficient from a qualitative 
point of view to account for the form of the cornea, is evident because 
the surface of contact with the eyeball, anyhow so far as the upper lid 
is concerned, extends over the cornéa. This is true too, though not 
to the same extent, with respect to the lower lid, because most people 
habitually look downwards below the horizontal plane. 

Several facts can be adduced to show that this mechanism is 
quantitatively sufficient also. First, the difference between the actual 
and natural forms of the cornea means an exceedingly slight deforma- 
tion, which might perhaps be produced by the interaction of the forces 
due to the pressure of the eyelids and the effective processes in the 
genesis of the form of the cornea. However, in the second place, 
it is easy to show in the ophthalmometric investigation that any incre- 
ment of these forces produces a sudden deformation, the astigmatism 
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being considerably augmented by pinching the lids together, accom- 
panied by a pronounced vertical asymmetry of the cornea with 
increased flattening. And in abnormal cases like keratoconus, the 
effect of these external forces comes out in the most striking way, as 
shown by the fact, which the writer could demonstrate, that it is 
typical to find a large amount of direct astigmatism (that is, astig- 
matism with the rule) at the vertex of the cornea, together with a 
marked vertical asymmetry, involving decentration of the vertex 
downwards and greater flattening upwards, as has been observed in 
most cases.! In very old age the coatings of the eyeball become more 
rigid, and the eyelid pressure diminishes, the general tone of the 
tissue being reduced and the fatty matter in the socket drying up. 
Hence, the difference between the actual and natural forms of the 
cornea must get slighter, and accordingly we find STEIGER’s statistics 
show a considerable increase of cases of very old persons with inverse 
corneal astigmatism or astigmatism against the rule. Lastly, with 
increase of pressure the action of the eyelid pressure must give way 
against the pressure from within tending to make the cornea assume 
its natural form; and the clinical investigations of Martin? and 
Prauz,? together with the laboratory researches of Erssmn,’ have 
demonstrated that increase of pressure in the normal eye is accom- 
panied by corneal astigmatism against the rule. Thus it appears 
that where the action of the eyelid pressure is promoted, there will be 
an increase, and where it is excluded, there will be a decrease, of the 
deformation, which differentiates the actual form of the cornea from 
its natural form corresponding to the shape of the outer portion of the 
eyeball. The writer thinks it is fair to conclude that the pressure 
of the eyelids, or the resistance that is offered by them to the dilatation 
of the eyeball, is the explanation of the normal direct astigmatism of 
the optical zone, and likewise of the excess of the peripheral flattening 
in the vertical section, and of the normal vertical asymmetry of this 
flattening. 

The calculation of the form of the cornea from the ophthalmometer 
measurements is made as follows: In Fig. 128 the straight line AEF 
represents the ophthalmometric axis, and the straight line DGE 
shows the path of a ray proceeding from a point of the object, which, 

1 Ett fall af keratoconus med tydlig pulsation af hornhinnan. Nord. Ophth. Tidskr. 
IV. 1892. S. 142. 


2G. Martin, Etudes d’ophthalmométrie clinique. Ann. d’oculistique. XCIII. 1885. 
p. 223. 

3G. Prauz, Ophthalmometrische Untersuchungen iiber Kornealastigmatismus. Arch. 
f. Ophth. XXXI.1 1885. 8. 201. 

4W. Exssen, Hornhautkriimmung bei erhéhtem intraokularem Druck. Ibid. XXXII. 


2. 1888. S. 1. 
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after reflection at the cornea, goes to the ophthalmometer in the 
direction GB. The normal to the 
cornea at the reflecting point G 
is CGF, which is inclined to the 
axis at an angle gy=CFA. In 
HELMHOLTz’s ophthalmometer 
or an instrument with similar 
“doubling” device the straight 
lines BG and AF are parallel. 
Consequently, the angle of in- 
cidence is equal to yg and the 
angle DEA=2¢. With other instruments the line BG makes a 
small angle with the axis, which, however, for the ratio between 
the distance of the ophthalmometer and the radius of the cornea, 
and with the limitations in other ways to the precision of the meas- 
urements, may be neglected. The.same thing is true with respect 
to the distance of the point EH from the cornea. Thus, either the 
angle 2y is obtained directly in degrees by measuring the angular 
distance of the object-point from the axis of the instrument, or tan 2¢ 
is found by dividing the linear distance of this point from the axis 
by the distance from the cornea of the transversal plane in which the 
point lies. In this way the angle ¢ corresponding to a given object- 
point is ascertained accurately enough. Referring now to Fig. 129, 
let the ophthalmometric axis again be represented by the straight 
6 line AF, and sup- 
pose that the light 
from two different 
object-points is re- 
flected from the 
v cornea at the two 
F pointseyb.e  CynraL 
Z ¢£ 4 which the normals 
are BG, CG inter- 
secting in the point 
G. The smaller the arc BC, the more nearly will the point @ 
coincide with the centre of curvature of this element of the cornea; 
and ultimately the distance BG=CG will be equal to the radius of 
curvature p. Let D and E designate the feet of the perpendiculars 
dropped from B and C, respectively, on the straight line drawn through 
@ parallel to the axis; and let the distance of B and C from the axis 
be denoted by y1,y2, respectively; then 


Fig. 128. 


8B 


Fig. 129. 


BD= p sin Pl, CE=p sin 2) 
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and, since CE -BD =y,—y,, the following general formula for calcu- 
lating the radius of curvature is obtained: 


rt Yo-Y1 
sin go— sing) 
where y2—y: is given by the value of the “doubling,” and the angles 
¢1,¢2 are known by the positions of the object-points. In the special 
case, when these points are symmetrically situated with respect to 


the axis of the ophthalmometer, so that ¢:=—g¢:, the formula may 
be put in the form given by HELMHoLTz,! namely 


B 
= Sa 
, 1 b 
2 sin (> are tan =) 
2 2a 


where 6 denotes the value of the ‘‘doubling,” 6 the distance apart 
of the object-points collimated in the reflex image, and a the distance 
from the eornea of the line joining these points. The smaller the 
angles are, the more nearly is this formula equivalent to the approxi- 
mate formula 


=— or D=kb, 
p r k 


which in the last form, where k denotes the constant of the ophthal- 
mometer, is the fundamental formula in modern ophthalmometry. 

In making measurements for different visual directions each new 
direction must be chosen so that one of the points of the cornea used 
for reflection in the preceding measurement is utilized in the next 
determination; as otherwise the measurements are not adapted for 
calculating the form of the cornea. In this secondary position of 
fixation a number of radii and corresponding values of the angle ¢ 
with respect to the secondary axis are obtained from the measurement. 
These angles are computed first by adding the amount of rotation 
of the line of fixation to the angle ¢ as measured from the ophthal- 
mometric axis of the cornea, and then the values of y with respect to 
this axis can be found from the general formula. From the relations 


GD =p cos ¢1, GE = p cos¢z, GD—GE=22—%1, 
which are obvious from the diagram (Fig. 129), the values of x may 
be found by means of the formula 

I2—X1 = p(COs y1—COS ¢2), 


and thus as the result of the calculation we have obtained the co- 


1 Handbuch d. phys. Opt. 2. Aufl. S. 16. 
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ordinates of the points of the cornea used for reflection the inclinations 
of the normals at these points and the radii of curvature of the ares 
of the measured normal section that are comprised between them. 
These data are sufficient, and also necessary, in order to investigate 
by trigonometrical calculation the influence of the cornea on the 
aberration. 

Heretofore, the exact calculation of the form of a cornea has been 
performed only by the photographic-ophthalmometric investigation. 
However, the method is essentially equivalent to a series of corres- 
ponding measurements that can be made with the HELMHOLTz ophthal- 
mometer. JAvaL’s ophthalmometer can also be adapted to the same 
purpose by different methods. A method of this kind which is un- 
objectionable in principle has been proposed by BRupzEwskr' and by 
BAsuini.2. But the calculation of the results is wrong in the case 
of both of them; for the former employs a relation between the normal 
and the radius of curvature that is applicable only to a surface of the 
second degree, and the latter calculates the values of x by a formula 
that is true only for a circle. If the form of the cornea is to be caleu- 
lated by means of relations that are true for an ellipsoid, undoubtedly 
the best way is to go about it regularly and to calculate the constants 
of the ellipsoid by the method given by HELMHOLTz.’ 

The rule stated above for calculating the astigmatism from the 
amount of “‘Denivellation”’ (or difference of level in the double image) 
in a meridian inclined to the principal section at an angle of 45°, is 
obtained as follows. One of the principal sections of the cornea having 
been ascertained, the are of the ophthalmometer is turned through 
half a right angle, and then the collimation is made, and the ‘‘Denivel- 
lation” compensated by adjusting one of the mires in the direction 
perpendicular to the plane of “doubling.”’ The collimated points 
are then the extremities of a line whose optical projection at the 
focus of the ophthalmometer lies in the plane of doubling. With the 
degree of accuracy that can be obtained by the instrument, it is 
permissible to neglect the interval between this focus and the two 
focal points of the bundle of reflected rays that do not lie exactly in 
the same plane. Hence, as follows from the formula on page 290, 
the projection-coefficients for the two principal sections are equal to 
the corresponding magnification-ratios; and these latter are to each 
other inversely as the refracting powers in the two principal sections, 


1K. vy. Brupzewskt, Beitrag zur Dioptrik des Auges. Arch. f. Augenheilk. XL. 1900. 
S. 296. 

* C. Bastint, Recherches ophthalmométriques. Arch. d’ophth. XXIV. 1904. p. 565. 

* Handbuch der phys. Optik, 2. Aufl. S. 17. 
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since 
KiDj=K.D “1, 

where K and D denote the magnification-ratio and refracting power, 
respectively, and L denotes the convergence of the bundle of incident 
rays with respect to the focus of the reflecting surface of the cornea. 
The tangent of the angle between the projected line and the first 
K, 
Ky 
the corresponding object-line and the same principal section. Since 
the tangent of the former angle is equal to unity, it follows that 


principal section is equal to —tan w, where w denotes the angle between 


D» 


D’ and hence 


tan w= 


Dz = D, Cc 
De+Di b 

where c denotes the adjustment that has to be made to compensate 
the ‘‘Denivellation”’, and b denotes the length of the projected object 
line as found by the collimation. By EuLrer’s theorem, employing 
the constant of the ophthalmometer, we may write: 4 (D1+D,.) =kb 
and thus we obtain finally the following mathematical statement of the 
rule above mentioned: 


tan (w—45°) = 


*) 


D2—- 1=2ke: 
This formula is thus approximate to the same extent as those generally 
employed in modern ophthalmometry. The errors involved therein 
are, however, of no consequence in the measurement of astigmatism 
and do not need to be taken into account until it is necessary to 
calculate the absolute value of the refraction of the cornea. 

The corneal substance. Disregarding the layer of fluid over the 
anterior surface of the cornea, which in the dioptrics of the eye can be 
considered as an infinitely thin film bounded by concentric surfaces, 
and consequently without influence on the ray-procedure; the corneal 
tissue constitutes the first ocular refracting medium. After ABBn’s 
modern refractometer method had been introduced, the index of refrac- 
tion of the cornea was measured by AUBERT and MATTHIESSEN! and 
found to be 1.377 for the eye of a man fifty years of age, and 1.3721 
for that of a child two days old. Loxnsteri1n? obtained by calculation 
from the indices of refraction of the component parts a value inter- 
mediate between the two just mentioned. MarTruressen’s’ final 

1H. Ausert, Grundztige der physiologischen Optik. Leipzig 1876. 


2Tx. Lounsrerm, Uber den Brechungsindex der menschlichen Hornhaut. Arch. f. d. 


ges. Physiologie. LXVI. 1897. 
3L. Marruipssen, Die neueren Fortschritte in unserer Kenntnis von dem optischen Baue 


des Auges der Wirbeltiere. Hamburg 1891. 
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comparison of results gave the value 1.3763, and since the fourth 
decimal is always doubtful, 1.376 may be taken as the best schematic 
value. 

Heretofore, no one except Burx! has measured the thickness of the 
cornea in the living eye by_an unobjectionable method. His ophthal- 
mometer consists of two microscopes, 
T, T, arranged according to the plan 
of Fig. 130 with their objectives at 
O, O;. In place of the ocular of the 
second microscope there is a brightly 
illuminated diaphragm 6b whose image 
is produced at the point where the two 
axes meet. The observer looks 
through the other microscope and 
focuses it on this point by means of 
the cross-hairs at b; and hence he 
cannot see a sharp image of the dia- 
phragm unless the apparent place 
either of the principal point or of the 
centre of curvature of a reflecting 
surface is at the point of junction of 

SF : the axes. The microscopes may be 
ig. 130. has : 

adjusted in two ways, partly by 
moving them along the bisector of the angle between their axes without 
disturbing their mutual relation to each other, and partly by moving 
them simultaneously and equally along their axes without changing 
the point of junction. The latter mechanism is used for measuring a 
radius of curvature, and the former for measuring the interval between 
two reflecting surfaces. Thus, the thickness of the cornea is measured 
by two successive adjustments in which the reflex image, first, in the 
anterior, and then in the posterior, surface of the cornea is sharply 
focused. The displacement of the instrument is equal then to the 
apparent thickness, and the actual thickness is obtained by exact 
calculations without using approximate formulae. With ten eyes Bux 
found thicknesses varying from 0.482 to 0.668 mm. Leaving out the 
eyes which had these extreme values, the limits were 0.506 and 0.576. 
These measurements corresponded partly to the vertex as defined by 
the minimum radius of the cornea, partly to the ophthalmometric 
axial point, and partly to points that were 20° inwards and outwards 

from the points first named. 


1 Loe. cit. 
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The fact that Buiix was able without difficulty to observe the 
reflex image in the posterior surface of the cornea and utilize it in 
measuring the thickness of the cornea, whereas HELMHOLTZ! had tried 
in vain to see this image, was due to the high magnifying power of 
the microscope, which was necessary in order to see the image separate 
from the more luminous image in the anterior surface. With the 
methods of illumination available nowadays there are no difficulties 
at all about obtaining reflex images from the posterior surface of such 
clarity that the thickness of the cornea can be determined by the 
same method as is used for the thickness of the lens. In order to get 
reflex images as sharp and _ bright as possible, a source of light must be 
used with the greatest possible specific intensity. On account of its con- 
venience of adjustment, the incandescent filament of the Nernst lamp 
(see p. 470) is the only kind of light to be considered, since neither sun- 
light nor the electric arclight is satisfactory for the purpose, and all 
other sources of light have much less specific intensity. The lamp should 
be attached at one end of a closed tube, which has an adjustable slit 
at the other end, and in the middle of which there is a lens system 
that can be decentered at pleasure. This lens system is for the purpose 
of focusing a sharp image of the filament of the lamp on the rear 
side of the slit. With the slit wide open and the eye protected by a 
dark glass, the sharp focusing is found by parallax displacements of 
the eye. By rotating and moving the lamp, and also by decentering 
the lens system in a direction perpendicular to the length of the slit, 
it is not difficult to focus the image of the filament right in the middle 
of the aperture of the slit. The slit mechanism should be the so-called 
bilateral arrangement with both edges simultaneously adjustable. 
The tube as a whole should be capable of rotation around its axis 
and attached to a stand. This source of light gives a luminous line 
of variable intensity, which in its specific intensity is far superior to 
all other sources of light that can be conveniently employed for 
ophthalmometry. For brevity we shall call it hereafter the ophthal- 
mometric NERNST lamp. 

For measuring the thickness of the cornea by the method given 
by Hetmuotrz as illustrated in Fig. 50, the writer uses two of these 
lamps with vertical slits placed one exactly above the other in such 
fashion that the horizontal plane through the vertex of the cornea 
passes midway between the two slits. With proper intensity of light 
and a good telescope magnifying twenty times, the reflex images even 
at the thinnest place are extraordinarily clear when the angle of 
incidence is about 25°. A small incandescent lamp with a straight 
vertical filament was used for the source of light whose reflex image in 


1 Uber die Akkommodation des Auges. Arch. f. Ophth. I, 2. 1855. S. 1. 
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the anterior surface of the cornea was to be collimated with the 
reflex image of the ophthalmometric Nernst lamp in the posterior 
surface. The angle was measured with an instrument similar to a 
theodolite fastened above the head of the patient, its vertical axis 
ending downwards in a point. The precise orientation of the vertex 
of the cornea on the prolongation of this axis was achieved by focusing 
the telescope, which was capable of rotation around a horizontal axis, 
first, on this point, and then on the image reflected in the cornea. 

The experiment is easy to make when the angular distance verti- 
cally between the middle points of the two slits is 12°, in which case 
the element of the cornea that is used is so small that the imaginary 
reflex image of the vertical line determined by the two ends of the slit 
can be regarded as a straight line. The ophthalmometric Nernst 
lamps and the telescope were adjusted each at an angle of 25° from the 
zero position of the telescope of the theodolite, and by a preliminary 
trial the direction of fixation was found for which the angle of incidence 
was practically the same when the positions of lamp and telescope were 
interchanged, because with this adjustment the optical axis of the 
eye does not differ much from the zero position of the telescope of the 
theodolite.._The basis of the calculations was the average results of 
measurements made on different days in both adjustments. By this 
arrangement the reflex image in the posterior surface is seen at the 
place where the normal to the anterior surface crosses the posterior 
surface, and the calculation is very simple. Since this normal is 
common to both surfaces, it is the line or axis of centres of the cornea, 
and since it coincides with the zero position of the theodolite, the 
measurement gives the angular distance w of the lamp from this line, 
and the angle of incidence is $ (25°+w). The procedure of the rays 
is the same as in Fig. 127 where the posterior surface of the cornea 
takes the place of the pupil of the eye. Having first calculated the 
angle of refraction 7’, we can find the angle wu’, between the line of 
centres and the ray refracted at the anterior surface, and hence the 
thickness d for the given value of the radius p of the anterior surface, 
by means of the following formulae: 


25°-—t=wu'—1' sin u’: sin 7’=p: (p—d). 


The eyes of two individuals were measured by the writer with the 
utmost pains, and the values 0.46 and 0.51 were obtained; corrobo- 
rating very exactly the results found by Burx. After Buix had ob- 
served the image reflected in the posterior surface of the cornea, 
TSCHERNING! succeeded in making it visible with a small incandescent, 


1Optique physiologique. Paris 1898. 


G. 282.] II. 1. The Cornea 329 


lamp. In one case also he tried to measure the thickness of the cornea, 
and obtained a result of 1.15 mm. This may have been due to errors 
in his method, which was not nearly so accurate, and to the small 
specific intensity of this source of light. From measurements in the 
living eye, the schematic value of the thickness of the cornea in the optical 
zone may be taken therefore, as BLrx proposed, as being about 0.5 mm. 

Measurements with dead eyes have given very discrepant results, 
the values for the vertex varying between 0.4 and 1.0,! and sometimes 
even exceeding this latter value. This may be due in part to a post 
mortem swelling, and partly also to the method of measurement. In 
some instances the writer has removed entirely the healthy cornea of 
a freshly enucleated eye and measured the thinnest place in it with the 
ordinary micrometer screw used for measuring thicknesses, with the 
contact surfaces reduced to a diameter of 1/2 mm. The values ob- 
tained in this way were between 0.4 and 0.6 mm. 


By using the arrangement above described, the radius of the posterior 
surface can be measured in the same way as the radii of the lens 
surfaces, whereas a direct measurement with the ophthalmometer 
does not prove satisfactory. With the HELMHOoLTz type of instrument 
the writer finds that generally he cannot see the reflex images in the 
posterior surfaces of the cornea, because they are masked by the 
rays that are diffusely refracted at the edge of the plates. The slits 
are adjusted horizontally, and the reflex images of the straight hori- 
zontal filaments of two incandescent lamps are so focused that each 
reflex image is the prolongation of one of the reflex images in the 
posterior surface of the cornea due to the ophthalmometric Nernst 
lamp. The object represented by the vertical distance between the 
two incandescent lamps is reproduced then by an image reflected in 
the anterior surface of the cornea which is equal to the reflex image in 
the posterior surface corresponding to the vertical distance between 
the two slits. Just as in measuring the thickness, the fixation mark is 
so adjusted that the line of centres of the two surfaces of the cornea 
coincides with the zero position of the telescope of the theodolite, and 
the angular distances of the observing telescope and NEernst lamps 
are equal. What has to be measured are the sizes and distances of the 
two objects, together with their angular distances from the line of 
centres; these magnitudes for the Nernst lamps and the incandescent 
lamps being denoted here by 8, a, wu and bo, do, Uo, respectively. Since 
for the reflection at the anterior surface of the cornea the angle of 


1 MerKEL in Handb. d. ges. Augenheilk. v. GRAEFE u. SAmiscu. I. Leipzig 1874. S. 
44-45, 
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incidence is equal to u or 4 (u+4o), the ratio ¢ of the two reflex images 
8, Bo is found by the relation 
Bo abo cos u 


B aod cos 4 (u+ uo) ¢ 
which follows from the general formula K -; for the secondary 
imagery, provided the distances of the object are reckoned from the 
principal focus of the corneal mirror. But the ratio of the sizes of the 
two reflex images of the object represented by the Nernst lamps is 
equal to the inverse ratio of the reflecting powers of the two reflecting 
systems in question, since for both reflections the value of L here may 
be considered the same without sensible error. The reflecting power 
of the anterior surface of the cornea with respect to the secondary 
imagery is 
2 cos u 


Pl 
where p: denotes the radius of curvature of this surface in the vertical 
section; whereas the power of the reflecting system which produces 
the reflex image in the posterior surface of the cornea, as found by the 
formula on page 285 is 


2D,(1— 6D) +D(1— 6,D,)’, 


where D, denotes the refracting power of the anterior surface of the 
cornea with respect to the secondary imagery, and D, denotes the 
reflecting power of the posterior surface for the same imagery. If 
the radius of curvature of the vertical section of the posterior surface 
is denoted by pe, and if n denotes the index of refraction of the corneal 
substance, then 


n cos 1’— Cos 7 2n cos u’ 
Da pg 
Pl p2 


7 


the angles being denoted just as above in the determination of the 
thickness of the cornea. 

If the point of incidence on the posterior surface of the cornea 
is designated by P in Fig. 127, then P’ will be the first principal point 
of the reflecting system with respect to the secondary imagery; and 
6; denotes the reduced distance of P from the point of incidence on 
the anterior surface, whereas H denotes the distance of P’ from this 
point of incidence. From the formula on page 285 we get 


b1 
1- 6,;D,;=— 5) 
H 


and since in Fig. 127 evidently 


n6,1:H=sin wu: sin wv’, 
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therefore iiss peas 


n sin u’ 
Hence, putting ¢ equal to the ratio of the dimensions of the two reflex 
images of the Nernst lamps, we obtain 


Ce 


2cosu 2 sin “{" cos 7’— cost sin u \ 
pi n sin u’ pi p2tan wu’ 
From the final formula 


pi tanw’ (ncosi’—cos?z) nsin wu’ tan wu’ 


. . . ) 
pe sin u esin u tan wu 


B : 
where a as found by measurement, the writer has obtained the 


values 1.1822 and 1.1811 in the two cases mentioned above. On the 
assumption that the ratio of the radii of curvature of the horizontal 
sections of the anterior and posterior surfaces is the same, these values 
give, for the schematic radius 7.8 mm of the anterior surface, the 
value 6.6 mm for the radius of the posterior surface. 

These investigations with reflex images in the posterior surface 
were also carried out by the writer for angles of incidence up to 40°, 
in which case the observation is more easily made. With a little 
practice, however, the observation is sufficiently successful for the 
given value w=25°. Smaller angles are better because the asymmetry 
values, on which the lack of -similarity between object and image 
depends, become greater with increasing angles of incidence, tending 
therefore to vitiate the validity of the imagery-laws of the first order, 
although the formula is exact for any value of the angle of incidence. 
After the observer’s eye has become sufficiently adapted to the room 
illuminated only by the ophthalmometric Nernst lamp, the reflex 
images are seen instantly as soon as the objective of the telescope is 
fixated; and whenever they become indistinct, it is a good plan each 
time to make the patient look again in this direction, and then turn 
his eye gradually towards the fixation mark. The correct adjustment 
of the incandescent lamp can be regulated best by suddenly shutting 
off the current and then focusing it at the instant of re-illumination. 

A vast amount of work is involved in investigating the line of 
centres, and the writer did not have time to make the complete 
measurements and computations except in the two cases above 
mentioned. In both instances the good agreement of the results not 
only with each other but also with the very accurate researches of 
Burx so far as the thickness is concerned, and with TscHERNING’s! 


1 LAGRANGE et VALuDE, Encyclopédie frangaise d’ophthalmologie. III. p. 109. Paris 
1904. 
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latest value of 6.5 mm for the radius of the posterior surface, would 
perhaps seem to indicate their adequacy also. However, owing to the 
discrepancy that exists between too small a schematic value of the 
corneal refraction and the results of anatomical measurements of the 
length of the eyeball—a matter to be considered presently in detail— 
further investigations were deemed desirable. The writer therefore 
has measured four other eyes of different individuals by an approxi- 
mate method, assuming the line of centres to be a line inclined to the 
line of sight (Visierlinie) at an angle of 6°, and using in the calculation 
the value of the angle as obtained for the case when the thickness of 
the cornea was found to be 0.46mm. Now a discussion of the formulae 


proves that for a given value of ¢ the ratio P* will be greater in pro- 
p2 


portion as the cornea is thicker; therefore the value of the radius of 
the posterior surface found by this approximate method cannot be too 


small. In this way the following values of e* were found: 1.1864, 
p2 


1.1734, 1.1486, and 1.1427. For the schematic value 7.8 mm for the 
radius of the anterior surface, these numbers give values of the radius 
of the posterior surface between 6.57 and 6.83 mm. Hence, the ophthal- 
mometric mean value of the radius of the posterior surface of the optical 
zone of the cornea can hardly be greater than 6.7 mm, which is the value 
that is hereafter assumed by the writer. 

However, the ophthalmometric mean values of the radii of curva- 
ture of the optical zone cannot be used without further consideration 
for calculating the ray procedure by means of the imagery laws of the 
first order. In a calculation of this kind the curvatures that are in- 
volved are those at places where the line of sight (Visterlinie) is incident 
on the temporal side of the ophthalmometric axial point. The radius 
of the anterior surface must needs be somewhat less at such a point 
than the ophthalmometric mean value for the whole zone—all the 
more so because the latter value was found by measurements in which 
the one point of the cornea used for reflection is at the edge of the 
optical zone and therefore has probably turned out rather too large. 
On the other hand, on account of the greater flattening of the anterior 


: : . oy paged 
surface in the vertical section, the ratio ~ may be here somewhat 
8 p2 


larger than in the horizontal section; and, besides, it must prove to be 
greater in case the measurement was not made exactly along the 
line of centres. Therefore, in calculating the ray procedure a radius 
of the anterior surface should be used that is somewhat smaller, and a 
radius of the posterior surface that is somewhat larger, than the 
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schematic values of these magnitudes for the optical zone. Since the 
difference at the point of incidence of the line of sight and at the 
vertex of the optical zone cannot be calculated, there is no other 
alternative in calculating the ray procedure except to identify the 
curvatures at these two points in advance. For the reasons assigned, 
the writer assumes for the schematic values of the radii of curvature 
at the vertices of the optical zone of the cornea in this calculation the data 
7.7 and 6.8 mm. 

The index of refraction of the aqueous humor must be known in 
order to ascertain the cornea system. Previously, the value given by 
HELMHOLTz (p. 107) has been quite generally accepted and the numerous 
refractometer measurements which have been made since (which have 
been collected by Frryrac') show scarcely greater variations from 
this value than are shown by the variations of the values in the case 
of distilled water. Although more recent investigations tend to give 
rather lower values, there hardly appears to be any sufficient reason as 
yet for modifying HrtmuHoutz’s schematic value beyond merely 
discarding the figure in the fourth decimal place as not being at all 
certain. Similarly, while recent measurements of the index of refrac- 
tion of the vitreous humor have given a value which in the fourth 
decimal place is one or two units less than that of the aqueous humor, 
it may be regarded as practically identical with the latter. The writer 
assumes therefore for both indices the schematic value 1.336. 


The constants of the cornea system. If the radii and thickness of 
the cornea are denoted by p:, p2 and d, respectively (all expressed in 
metres), and if the indices of refraction of the cornea and the aqueous 
humor are denoted by mi, m2, then from the general formulae for the 
combination of two optical systems, namely, 


FONE 3) SIDS ASTD pel eee cee 
— it ee 1442» Ca De ’ C_- Dz 2 
where 
ny—1 Ne— Ny d 
D,= ; D2.= ; 6=—, 
Pi p2 nm 
the following numerical results may now be calculated: 
Remacuine power Dyrmin e ek oe ea he ee ees = 43.053 dptr 
Position of the first principal point 1000 H,.... = —0.0496 mm 
Position of the second principal point 
OOO CDA Ns Edes! lee eercisne Pea sad Bie OER te = —0.0506 mm 


1Q. Freytac, Vergleichende Untersuchungen tiber die Brechungsindizes der Linse und 
der fliissigen Augenmedien des Menschen und héherer Tiere in verschiedenen Lebensaltern. 
Wiesbaden 1907. 
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where the vertex of the anterior surface of the cornea is taken as the 
origin or zero point. The values of the focal lengths are 23.227 and 


31.031 mm. 
2. The Lens 


Unless a Bux ophthalmometer is available, HrtmHoutz’s method 
of ascertaining the positions of the surfaces of the crystalline lens is still 
today the best method. The lamps and fixation mark may be con- 
nected with a rectilinear scale (HELMHOLTz') or with a graduated arc 
(TscHERNING?); or the angles can be read off as in the previous investi- 
gation of the posterior surface of the cornea. The advantage of the 
latter arrangement is that the ophthalmometric Nernst lamps can 
be used, which are not convenient for adjustment along a straight 
or curved scale. (TscHERNING calls the instrument he uses for this 
purpose an ‘“ophthalmophakometer.’’) 

For measuring the depth of the anterior chamber of the eye, 
DonpeERs? uses a so-called corneal microscope which was focused first 
on the anterior surface of the cornea (made visible with calomel 
so as to get the exact focus) and then on the edge of the pupil; the 
apparent position of the pupil being thus found by the change of 
focus. Perhaps more reliable results can be obtained by the method 
of MANDELSTAM and ScHOLER‘ worked out under HELMHOLTz’s 
supervision, which was used by Retcu.® An unsilvered plate of glass 
acting as a mirror is interposed between the microscope and the 
cornea so as to reflect the light along the axis of the microscope into 
the eye. The image of the lamp reflected in the anterior surface of the 
cornea can be shiftsd by optical means until it is sharply in line with 
the edge of the pupil. The position of the reflex image as found by 
calculation will be the apparent place of the pupil. In these methods, 
as also in that of HrLMHOLTz, what is measured is the distance of the 
edge of the iris from the anterior surface of the cornea. 

Doubtless, Burx’s method described above, which to a certain 
extent is connected with the one just mentioned, is the most accurate 
that has been used at all. It determines the distance of the anterior 
surface of the lens. This distance can be obtained also by HELMHOLTz’s 
method for measuring the distance of the posterior surface of the lens, 
as this is a general method of finding the apparent position of a re- 

1 Handbuch d. phys. Opt. 2. Aufl. 8. 103. 

2 Loc. cit. © 

3 Instrument pour mesurer la profondeur de la chambre antérieure et la courbure de la 
cornée. Congrés de Londres. Compte rendu. 1872. p. 209. 

‘L. ManpetsraM und H. Scuéier, Hine neue Methode zur Bestimmung der optischen 
Konstanten des Auges. Arch. f. Ophth. XVIII, 1. 1872. 8. 155. 


5M. Reicu, Resultate einiger ophthalmometrischer und mikrooptometrischer Mes- 
sungen. Ibid. XX, 1. 1874. S. 207. 
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flecting surface: However, it should be noted that, although this 
plan gives exceedingly accurate results for the measurement of the 
thickness of the cornea owing to its smallness, the determination of 
the position of the surface of the lens is quite a different matter, 
because the distance between the points where the ray enters and 
leaves the cornea is too considerable to permit the intervening piece 
of the cornea to be regarded as the portion of a sphere. Perhaps, 
therefore, for such measurements as these we ought to calculate an 
osculating ellipse based on the radii as measured at these places and 
at the point where the axis used in the measurement meets the cornea; 
and to employ this curve for trigonometrical calculation of the position 
of the surface in question. On the other hand, the errors due to neg- 
lecting the refraction at the posterior surface of the cornea are of quite 
secondary importance. In these measurements TSCHERNING adjusts 
two lamps in a plane which contains the axis of the telescope and 
determines the axis of the system by observing the reflex images of the 
lamps in the cornea and in the given surface of the lens, which should 
appear to be all in a straight line. In the calculation the cornea is 
regarded as spherical, apparently without observing H&rLMHOLTz’s 
precaution of repeating the measurement by changing the direction 
of the incident light without altering the angle of incidence. Con- 
cerning this method, therefore, perhaps it should be said that, while 
the investigation is certainly much simpler, the results are not so 
reliable. 

There are two other methods of investigating the depth of the 
anterior chamber, mainly intended for clinical use, namely, that of 
Heee! with a stereoscopic instrument and variable pointer and that 
of GRONHOLM? with CzERMAxk’s orthoscope, which latter is merely for 
approximate measurements. 

The following values of the distance between the pupillary plane 
and the vertex of the cornea were obtained by the original method 
of HELMHOLTZ: 


HEmEBonnz [Seeis3:)i.i. ieee ees 4.024 3.597 3.739 
KAP RRs Auk, Shera etalipase 3.692 3.707 3.477 3.579 
ApDAMUK and WoINOoW’.............. 3.998 3.237 2.900 3.633 


1. Hea, Eine neue Methode zur Messung der Tiefe der vorderen Augenkammer. 
Arch. f. Augenheilkunde. XLIV. Erg.-Heft. 1901. S. 84. 

2V. Groénuoim, Eine einfache Methode die Tiefe der vorderen Augenkammer zu 
messen. Skand. Arch. f. Physiologie. XIV. 1903. S. 235. 

3J. H. Knapp, Uber die Lage und Kriimmung der Oberflichen der menschlichen 
Kristallinse und den Einfluss ihrer Veriinderungen bei der Akkommodation auf die Dioptrik 
des Auges. Arch. f. Ophth. VI, 2. 1860. S. 1. 

4]. Apamux und M. Wornow, Zur Frage tiber die Akkommodation der Presbyopen. 


Ibid. XVI, 1. 1870. 8. 141. 
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whereas v. Reuss! consistently got smaller values which evidently 
cannot be taken into account along with the above. The mean of 
the preceding is 3.598. In two instances values of 3.921 and 3.651 were 
found by the method of Manpextstam and ScHOLER; and for three 
different individuals values of 3.639, 3.708 and 3.652 were obtained 
by Reicu; so that this method gives a mean value of 3.714 mm. 
The emmetropic eyes investigated by Birx gave a mean value of 
3.515, but it should be noted that only one of the five eyes was meas- 
ured at the vertex of the cornea, all the others being measured at the 
point where the line of sight (Visierlinie) meets the cornea, so that the 
true mean value must be a little larger, and probably is more nearly 
equal to that found by HetmHo.tz’s method. 

The results of these investigations justify the assumption of 
the schematic value of 3.6 mm for the distance between the anterior surfaces 
of the cornea and crystalline lens. This was the value that Hreum- 
HOLTZ? took in his schematic eye, and it has been quite generally 
adopted. The mean values obtained by StapFeLptT* and AWERBACH* 
by TscHERNING’s approximate method are: STADFELDT from measure- 
ments of 10 eyes, 3.81; AwmRBACH, for 15 emmetropic eyes, 3.4; for 
28 hypermetropic eyes, 3.5; and for 48 myopic eyes, 3.6. 

The determination of the position of the posterior surface of the 
lens gives its thickness. The results of measurements made under 
HELMHOLTz’s supervision are: 


Hii MEOETZ. (See js.) L2.| a ere reer 3.414 3.801 3.555 
TNA PRs Oe parties nmeetige tas aenege 3.920 3.848 3.776 3.622 
ADAMUK and WoINOW............... 3.202 3.963 3.944 3.567 


the mean value being 3.692 mm. The results of ManpELsTam and 
ScHOLER together with those of Reicu give the mean value 3.787 mm; 
the mean of STADFELDT’s measurements is 3.63; and AWERBACH 
obtained 3.89, 3.94 and 3.88 for emmetropia, hypermetropia and my- 
opia, respectively. 

The value that HeLtmHourz took for his schematic eye was 3.6 mm. 
According to the numbers given ahove, on the assumption that the 
methods of measurements were absolutely accurate, this value should 
be from 0.1 to 0.2 mm greater. But if the sources of error are taken 
into account, depending on the asymmetrical flattening of the cornea, 


1A. v. Reuss, Untersuchungen tiber dig optischen Konstanten ametropischer Augen. 
Ibid. XXIII, 4. 1877. S. 183. 

2 Handbuch d. phys. Opt. 2. Aufl. 

°A. Srapretpt, Den menneskelige linses optiske konstanter. IKopenhagen 1898. 

“M. Awrrsacn, Zur Dioptrik der Augen bei verschiedenen Refraktionen. (Russian.) 
Inaug.-Diss. Moskau 1900. Reviewed in Jahresber. ti. d. Leist. u. Fortschr. i. G. d. Ophthal- 
mologie. XXXI. 'S. 652. 


G. 288, 289.] II. 2. The Lens 337 


on the unknown form of the anterior surface of the lens, and on using 
a total index for the index of refraction of the lens, there can be no 
doubt that He_tmuHoutz’s number is within the possible limits of error. 
Moreover, the lens gets larger and larger as years go on, and according 
to all measurements of the dead lens that have been made hitherto the 
thickness increases but never decreases. Also the difference between 
the thickness of the unaccommodated lens in the living eye and that 
of the dead lens is found to be less with advancing years. For these 
reasons, and finally, because, owing to various individual variations 
of the lens substance that begin to be very manifest soon after the age 
of youth, the schematic value should apply to a youthful eye. The 
latter should be taken rather less than the mean value. Hence, the 
writer concludes that with the present available material of investiga- 
tion there is no good ground for changing the schematic value of the 
thickness of the unaccommodated lens as assumed by HELMHOLTZ, 
that is, 3.6 mm. 


Curvatures of the Surfaces of the Lens. The same conclusion has 
been reached also concerning the radii of curvature of the two surfaces 
of the lens. The variations between the mean values of these dimen- 
sions and the schematic values as assumed by HELMHOLTZ are com- 
prised within the limits of the errors that are involved in the methods 
of measurement. It would seem therefore to be unnecessary to give 
here the actual figures. It is sufficient to say that investigations by 
TSCHERNING’S method have yielded similar results, mean values 
according to STADFELDT being 10.9 and 6.0 mm, and according to 
AWERBACH 10.4 and 6.1 mm. The schematic values of the radii of 
curvature of the surfaces of the lens as used by HELMHOLTz are 10 and 
6 mm; and apparently they are still the best values to take for this 
purpose. 

In the earlier measurements of the curvatures of the surfaces of 
the lens, sometimes HrLMHOLTz’s original method was employed 
and sometimes also the reflex images, obtained by using sunlight,’ 
or the Drummonp lime-light,? were measured directly with a Hrum- 
HOLTZ ophthalmometer. The ophthalmometric Nernst lamps are 
peculiarly adapted for the more recent methods. For an accurate 
computation of the radius from the results found by measurements, 
all that is necessary is to use the method given above for finding the 
curvature of the posterior surface of the cornea. The formula given by 


1B. Rosow, Zur Ophthalmometrie. A. d. physiol. Labor. des Herrn Prof. HrtmMHourz. 


Arch. f. Ophth. XI, 2. S. 129. 
2y. Reuss, loc cit. 
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Hetmuo.tz,! which is applicable for infinitesimal angles of incidence, 
enables us to obtain an approximate value. The writer’s own calcu- 
lations as performed by the first of these methods, like those of other 
investigators, indicate no reason for changing HELMHOLTz’s schematic 
values of the distance or curvatures of the surfaces of the lens. 

The measurements of SAUNTE? made in TscHERNING’s laboratory 
are peculiar. Diffused light obtained from an electric are lamp was 
employed in a quite complicated arrangement of apparatus. Since 
there was an angle between the incident light and the ophthalmometric 
axis just as in the method of measuring the posterior surface of the 
cornea described above, SAUNTE called his method a “‘decentrated 
ophthalmometry.’”’ But in spite of the oblique incidence, formulae 
are used in the calculation that are applicable only for perpendicular 
incidence, and hence the results are not easily assessed. 

TSCHERNING’s method as used by STADFELDT and AWERBACH 
amounts to finding the apparent position of the centre of curvature in 
a manner similar to that for finding the place of the surface. Thus, 
a line of centres having been determined, the light is allowed to 
enter the eye in the direction of the ophthalmometric axis, at a certain 
angle with the line of centres; and all that is necessary is to 
measure the angle of incidence and calculate by trigonometry the 
position of the centre of curvature. However, fairly large angles 
are required, and in the calculation the surfaces are regarded as spheri- 
cal, and hence only approximate values can be found in this way, 
with errors that cannot be estimated. TscHERNING himself has pointed 
out the uncertainty in the results due to the feeble specific intensity 
of the light-source used in the experiment, and intimated that the 
method was not free from objections. Perhaps, therefore, the differ- 
ences between the values obtained by STapreLpT and AWERBACH 
and the schematic values are within the limits of possible errors. 

The form of the surfaces of the lens in the living eye has been 
minutely investigated by Brsio? by Tscurernine’s method. He 
discovered such a pronounced flattening towards the periphery that 
it certainly cannot be accounted for as due to possible error. On the 
other hand, on account of the approximate method of calculation, 
the results in a quantitative sense are probably less trustworthy. 
According to him, the osculating surface of the second degree was 
hyperbolic for the anterior surface and parabolic for the posterior 
surface of the lens. By investigations of the dead lens, with proper 

1 Handbuch, 2. Aufl. S. 144. 

*O. H. Saunrs, Linsemaalinger (Linsenmessungen). Odense 1905. 


°E. Brsto, La forme du cristallin humain. Journal de physiologie et de pathologie géné- 
rale. III. 1901. pp. 547, 761, 785. 
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precautions and use of exact methods of calculation, the fact of the 
flattening towards the periphery was positively confirmed by Dauen,! 
although with respect to the anterior surface of the lens Hour? had 
obtained a contrary result. 

In experimenting with the reflex image in the anterior surface 
of the lens it has been frequently noticed that for slight movements 
of the patient’s eye the image executes slight movements also but 
with remarkably high speed, as if there were hollows or furrows on 
the surface. However, as the reflected light is not due entirely to 
the anterior surface of the lens, as is indicated by the diffused form of 
the reflex image, but is reflected partly also from the adjacent layers, 
it is not possible to draw any conclusions from this phenomenon 
as to the form of the surface itself. 


The substance of the lens, as shown by refractometric investigations, 
consists of a medium of variable index of refraction. Physiological 
measurements indicate very clearly that during childhood and until 
puberty the variation of the index is continuous throughout the lens. 
However, towards the end of the second decade of life, perhaps usually 
a little later, light reflexes begin to be manifest ; implying a discontinuity 
in the variation of the index of refraction. With movements of the 
source of light, these granular appearances or ‘“‘Kernbildchen’”’ (as they 
were called by Hxss* who described them first in the eyes of human 
beings) behave as if they had their origin in a continuous surface. 
Consequently, in order to investigate the dioptrics of the lens, we 
need to know the laws of optical imagery not simply for media of 
continuously variable index of refraction, but also when there are 
such discontinuities in the variation of the index as may be considered 
as amounting to surfaces separating two different media of variable 
index of refraction. Now while we do not know enough about these 
surfaces of discontinuity‘ to apply to them the laws above mentioned, 
at the same time, so far as the imagery produced by the surfaces of the 
lens is concerned, these laws are absolutely requisite, because the 
ordinary formulae are not applicable to this imagery when the light 
goes obliquely through the lens. The problem was attacked by 


1 ArpiIn DaLén, Ophthalmometrische Messungen an der toten menschlichen Kristal- 
linse. Mitt. a. d. Augenklinik d. Carol. Med. Chir. Inst. z. Stockholm, 1905. 

2§. Houru, Etudes ophthalmométriques sur |’ceil humain aprés la mort. IX. Congr. 
intern. d’ophth. d’Utrecht. Compte rendu. 1899. S. 386. 

3C. Hess, Uber Linsenbildchen, die durch Spiegelung am Kerne der normalen Linse 
entstehen. Arch. f. Augenheilk. LI. 1905. p. 375. 

4 The idea of discontinuity relates here solely to the mathematical function of the vari- 
ation of the index and not at all to the manner in which the space is occupied by the sub- 
stance of the lens. 
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L. Hermann! and L. Marruiessen,” who derived differential equations 
for the ray-convergence from the formulae for homogeneous media 
by proceeding to the limit. Now this method is not justifiable unless 
the same mathematical process has not been employed already in 
developing the original formulae; and consequently, the differential 
equations thus obtained for the ray-convergence in a meridian section 
and for the aberration are not correct. Moreover, these investigations 
did not include the magnification-ratios. Hence all that was known 
of the required laws was the differential equation for the ray-con- 
vergence along the axis of a system of revolution, as obtained first 
by Lippicu,* and the differential equation for the ray-convergence in 
the equatorial section, as derived by HERMANN for an optical system 
of concentric layers, and by MatruizssEn for a system of revolution. 
In addition, an-approximate law of the increase of the index of refrac- 
tion as found by Marruisssren‘ has been used for integration, just 
as if it were mathematically exact, leading therefore again to erroneous 
results. 

In obtaining the laws in question, it is evident that the general 
fundamental equation of optical imagery, and the general laws derived 
from it (p. 270) for any optical system whatsoever, cannot be employed 
unless the variation of the index of refraction of the media in it is 
continuous. When there is a plane of symmetry, the differential 
equations are simplified and are applicable then to the meridian plane 
of a system of revolution. In this case we obtain by integration 
the same equations as were found for homogeneous media, namely, 


rB=A+xD, kKB=A, 


where the refracting power is given by a definite integral corresponding 
to the summation formula. In addition to the complete laws of the 
first order, the investigation has led also to formulae for calculating 
the aberration. At the surface of the lens where the light passes 
between two media one of which has a variable index of refraction, 
the refracting power has the same value for the second imagery as 
if the two media were homogeneous, but not for the first imagery; and, 
moreover, the formula for calculating the imagery along the axis is 
different. 

It appears from a study of the ray-convergence in the eye for 
the case of a point-source of light that the wave surface of the bundle 

1L. Hermann, Uber Brechung bei schiefer®Inzidenz mit besonderer Beriicksichtigung 
des Auges. Arch. f. d. ges. Physiol. XXVII. 1882. S. 291. 

?L. Marruzessen, Uber den schiefen Durchgang unendlich diinner Strahlenbiindel 
durch die Kristallinse des Auges. Ibid. XXXII. 1883. S. 97. 


3 Tn a review in Zeitschr. f. Math. u. Phys. XXIII. 1878. Hist.-Lit. Abt. S. 63. 
“Grundriss der Dioptrik geschichteter Linsensysteme. Leipzig. 1877. 
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of refracted rays in the eye is not a surface of revolution at all, but 
may be considered as having complete contact of the fourth order 
with such a surface. The star figures seen as radiating lines around 
the luminous point are due to a definite peculiarity of the wave surface 
characterized by a wave-like procedure of the line in which the wave 
surface is cut by a co-axial cylinder. Since the genesis of this form of 
wave surface has been shown (p. 192) to be due to the passage of light 
through the lens, the necessary mathematical consequence is that 
either the lens-surfaces themselves or the iso-indicial surfaces of the 
substance of the lens must have such a form. These latter surfaces, 
each of which is the locus of points where the index of refraction has 
one and the same value, constitute therefore a system of surfaces 
having complete contact of the fourth order with a system of revolu- 
tion; and consequently it is this system which must be the basis of 
the investigation. 

If the lens is supposed to be composed of a medium of continuously 
variable index of refraction, this is not perfectly true except for the 
youthful lens which shows no sign of discontinuity; whereas in case 
of the riper lens it is just about as accurate as the physiological data 
heretofore available will permit. The mathematical methods of 
dealing with the dioptrics of surfaces of discontinuity have been 
worked out. 

The substance of the lens constitutes an optical system which 
for investigating the dioptrics of the lens is combined in the ordinary 
way with the systems represented by the surfaces of the lens; and which 
will be referred to as the core of the lens, as proposed by MATTHIESSEN. 
It is to be regarded, therefore, as a system of revolution of con- 
tinuously variable index of refraction; and, for complete information 
as to the dioptrics of the lens, all that remains to be done is to find 
the law of the variation of the index. Since the total variation of the 
index of refraction of the crystalline lens as well as the thickness of 
the lens and the diameter of the pupil are relatively small as compared 
with the focal length, this law can be expressed in the form of a series, 
provided refractometer investigations show that the series is con- 
vergent. The point where the index of refraction has its greatest value 
may be considered as the centre of the lens, and taken as the origin 
of a system of codrdinates whose x-axis lies along the axis of revolution 
and is reckoned as positive towards the retina. If uo denotes the 
value of the index of refraction at the centre of the lens, and » its value 
at the point x, y, the general form of the indicial equation including 
powers of x, y as high as the fourth is as follows: 


1 i il 
—— =3( x+ny?) ab gM v4+3Nz y’) tig (ett t Operty Pa): 
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since in a system of revolution the coefficients of the missing terms in 
the series vanish. If only the first two terms are retained, the equation 
reduces to one of the second degree; and the corresponding indicial 
curve, that is found by plotting the distances measured from the 
centre of the lens along a-diameter as abscissae and the indices of 
refraction as ordinates, turns out to be a parabola. A series of investi- 
gations, carried out by MaTruiEssEN and his successors on the erystal- 
line lenses of the eyes of human beings and other animals, indicates 
that the indicial curve is approximately parabolic in form, although 
the osculating curve of the second degree may also be an ellipse of 
great eccentricity. This result in itself is a complete justification of 
the propriety of expressing the indicial equation in the form of a series, 
because it converges rapidly; and it shows also that the indicial 
equation of the second degree is a first approximation that may be 
employed so long as it does not conflict with mathematical or physical 
realities. However, further mathematical study reveals that there 
are some conflicts of this kind. Marrsiessren could not formulate a 
single indicial equation for the nucleus of the lens, but had to assign 
to each half of it a special function, according to which the iso-indicial 
surfaces of one system had a single intersection with those of the 
other, although in the diagrammatic figure of a meridian plane! the 
points of intersection were arbitrarily rounded off. But this is equiva- 
lent to a surface of discontinuity passing through the centre of the 
lens, which would necessarily give a reflex, and whose existence may 
be positively denied on the basis of the absolute absence of any anat- 
omical evidence for it. It is true that the most recent measurements 
of the index of refraction? might be compatible with a single indicial 
equation of the second degree for the case of a symmetrical, accom- 
modating lens, and with one of the third degree for an asymmetrical 
lens. But this would involve such a great increase in the thickness 
of the lens for accommodation that it may be definitely ruled out. 
Hence it appears to be unavoidable for the dioptrics of the nucleus 
of the lens to include in the indicial equation all the terms of the 
fourth degree. Another indicial equation, due to Maxwe.LL, and 
obtained by developing the reciprocal of the index of refraction in a 
series of powers, is essentially nothing more than an interesting problem 
of geometrical optics without physiological reality. When terms of 
higher powers than the second are neglected, it reduces to MaTruizs- 
SEN’s formula. s 

MATTHIESSEN’s parabolic indicial curve, which was used also 


1 Loc. cit. Grundriss usw. 8. 198. 
2 Freytaaq, loc. cit. 


G. 293, 294.] II. 2. The Lens 343, 


by Monoyer'! in the latest investigation of this subject, is typically 
analogous to Srurm’s focal lines of the general bundle of optical rays, 
both approximations originating by discarding terms higher than the 
second and being applied beyond the limits where they are valid. The 
law of the total index given by Marruizssen affords a perfect illus- 
tration of the unfortunate influence that the focal lines have exerted 
in geometrical optics. Mathematical investigation shows that in 
general the total index varies with every change of the shape of the 
lens, and hence cannot be calculated at all from the values of the 
index of refraction at the centre of the lens and in the outside cortical 
layer. Marruressen’s law, that the total index is just as much 
greater than the index at the centre of the lens as the latter is greater 
than that of the outside cortex, might indeed be correct, provided the 
indicial surfaces were geometrically similar to each other in strict 
mathematical sense, and provided that the only possible changes in 
the form of the lens were such as to preserve this characteristic un- 
changed. Obviously, from what has been stated above, this singular 
condition in the human eye is ruled out. 


The next problem, therefore, is to determine the seven constants 
of the indicial equation as given above. From measurements of the 
index of refraction, considering at the same time the limits of accuracy 
of these methods, not more than three equations can be obtained for 
this purpose, since we may consider that we know accurately enough 
the values of the index at the centre of the lens, at its poles, and in the 
equator. Two additional equations are derived from the values of the 
radii of curvature of the surfaces of the lens, since there is very great 
probability for the assumption that the curvatures of adjacent iso-in- 
dicial surfaces are equal. From a physiological source one other 
equation may be obtained, by calculating the refracting power of the 
lens-core from the loss of refracting power of the eye when the lens 
has been extracted. However, one more equation still is necessary, 
and for that MarruriressEen’s parabolic law can be used provided it is 
restricted to the axis of the lens, especially as from the investigation 
on which it is based this law may be considered as correct so long as 
it does not conflict with the actual facts. Hence the writer has ob- 
tained the needful seventh equation by assuming a parabolic indicial 
curve along the axis for which the constant p,, is equal to zero. How- 
ever, here he has made a special investigation to prove that a variation 
from this law along the axis even to an extent that we know would 

1 Monoyer, La théorie des systémes stratifiés. Sociélé francaise d’ophthalmologie. 
Congres de 1908. Paris. The method is a variation of that of Marruimssen, and, like it, 
dees not give any unique indicial equation. 
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be out of the question is essentially without any influence. For each 
case the results have been put in such form that if future investigations 
should give a value of p,, different from zero, the constants of the 
indicial equation may be obtained directly by substituting this value. 

On account of the slow variation of the index of refraction in the 
vicinity of the centre of the lens, the position of the centre of the 
lens can only be found approximately. The change of form of the 
anterior surface of the lens is so considerable during accommodation 
that the lens itself becomes very nearly symmetrical in shape, probably 
involving a marked increase in the thickness of the two portions of 
the lens on each side of the centre. Moreover, after the appearance 
of sclerosis of the core of the lens, the latter is found usually a little 
nearer the anterior than the posterior surface. From such considera- 
tions the writer has estimated the distance of the centre of the lens 
from the anterior and posterior surfaces as having the values 1.7 and 
1.9 mm, respectively. However, so far as the dioptrics of the lens is 
concerned, these distances may be considered as being equal. 

Concerning the indices of refraction, measurements made prior 
to the introduction of the refractometer are of no value. Recent 
measurements with this instrument yield numerical results varying 
from 1.38 to 1.39 for the outside cortex and from 1.40 to 1.42 at the 
centre of the lens. Undoubtedly, the most reliable results are those of 
FrEyTAG! who carried out numerous measurements with careful 
regard for the necessary precautions. His determinations have 
therefore been taken by the writer for the schematic values. From 
table III of his measurements for eyes of human beings up to 30 years 
of age the following are the mean values of the index of the superficial 
layer of the lens: 

Anterior Vertex Equator Posterior Vertex 

1.387 1.375 1.385 
and for the same class of eyes table IX gives the mean value of the 
index for the 
Centre of the lens: 1.406. 

The difference between the values of the index at the vertices and 
at the equator, as here established has very great significance for the 
dioptrics of the lens, and, incidentally, it is this very difference that 
makes it possible to formulate an indicial equation of the second 
degree like Marruigssen’s for the accommodating lens. The differ- 
ence between the values found for the,two vertices is perhaps of less 
importance, since, in the first place, this difference has very little 
effect on the dioptric equations, secondly, it is small, and, thirdly, 


1 Loc. cit. 
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the post mortem drying up that takes place in the eye produces a change 
in its fluid that renders the result in this respect rather less certain. 
Accordingly, the writer assumes for the index of the two vertices of the 
lens the mean value of 1.386 as the schematic value. The index at 
the equator cannot be used in the calculation until the distance of 
the layer in question from the centre of the lens is known; and since 
no measurements of this distance seem to have been made, the writer 
employs the above result by assigning the schematic index 1.376 
to the points whose codrdinates are x=0, y= +4.2; which implies 
that the mean value of 1.375 given above belongs to a point in the 
equator estimated as being a little towards the periphery. 


The refracting power of the core lens and the total index of the lens 
would follow from the schematic values thus defined, provided Mart- 
THIESSEN’S law of the total index were correct. But as this is not the 
case, the only thing left to do is to ascertain the value in question by 
direct investigation. Moreover, the variation of the total index with 
every change in the form of the lens makes its determination illusory, 
no matter whether this is done by direct measurement on the dead 
lens according to HeLMHoLtz’s method (as illustrated by Fig. 49) 
or whether BER In’s! method is used by comparing the lens with and 
without accommodation in the living eye. On the other hand, the 
striking difference between the values 1.4519, 1.4414 as found by 
HELMHOLTZ (p. 110) and the values 1.4260 to 1.4434 as given by 
STADFELDT”? may possibly be explained by this change of the total 
index, tagether with such sources of error as are unavoidable on 
account of post mortem variations of the physical index of refraction; 
especially as a variable factor is introduced by the mode of fastening 
the lens in the experiment, which must affect the value of the total 
index. Indeed, it would seem to be extremely doubtful whether the 
total index of the unaccommodated lens in the living eye can be found 
at all with the dead lens, inasmuch as all the passive relations and 
particularly the distribution of the tension of the zonule between the 
various groups of fibres require to be exactly reproduced. 

It is quite certain, therefore, that there is no other way of ascertain- 
ing the refracting power of the lens and the total index except in the 
living eye; and the only method that is left is to calculate it from the 
loss of refraction that the eye suffers when the lens is extracted. This 
matter was actually within the province of ophthalmology during the 
past twenty years when it was quite the fashion to treat myopia by 


1. Berwin, Uber eine Bestimmung des totalindex der Linse am lebenden Auge. Arch. 
f. Ophth. XLITI. 1897. 8S. 287. 
2 Loc. cit. 


346 Dioptrics of the Eye (296. G. 


an operation in which the crystalline lens was extracted. It developed 
from a comparison of the correction of the eye before and after the 
operation, that HetmHoutz’s schematic eye does not represent the 
actual relations close enough, the total index of the lens being too 
great and the axial length of the eyeball too short. 

In this calculation of the total index, the refraction of the eye 
before and after removal of the lens may be determined, as BJERKE! 
did, with respect to the apparent position of the optical centre of the 
lens; in which case the loss of refraction is directly proportional to the 
refracting power of the lens, and the approximation which consists 
in using an optical centre in place of the principal points of the lens 
has no effect on the accuracy that is obtainable by the calculation. 
The best way to perform the calculation is as follows. The general 
image-equations referred to the principal points of the cornea are 

B=A-+D,, KB=A. 
Let 5 denote the reduced distance of the optical centre of the lens 
from the posterior principal point of the cornea; x the magnification- 
ratio at the optical centre; and x the apparent position of this centre 
with respect to the anterior surface of the cornea. Then substituting 


il 1 
aye and «x for A, B and K, respectively, we obtain: 
K—IT, 


6 
k=1—6D,, 2=—+H.. 
K 


Now since the distances of the optical centre from the two surfaces 
of the lens are proportional to the radii of curvature, the schematic 
values as above defined give: 

0.05+3.6+ 2.25 
- 1.336 
k =0.80987 x=5.4 mm. 

Let D., D:, and D denote the refracting powers of cornea, lens, 
and eye as a whole; then the general formula for the combination of 
two systems is 


mm 


D=D,4+«D. 
Let A, B denote the reduced convergences for a distinct image in 
the eye before the lens is removed, measured at the apparent place 
of the optical centre of the lens; and let Ao, By denote the reduced 
convergences for a distinct image after removal of the lens, with 
respect to the actual position of the optieal centre of the lens; so that 
RB=A+xD, k°Bo=Aot+kD,. 


1K. Bserxe, Uber die Veriinderung der Refraktion und Sehscharfe nach Entfernung 
der Linse. II. Arch. f. Ophth. LV. 2. 1903. S. 191. 
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Since the values of the left-hand sides of the two equations are identi- 
cal, we have: 


Ay—A = KD). 


It is pretty well ascertained that most eyes that have been operated 
on for cataract require a correction glass of between 10 and 11 dptr; 
and from this fact the value of Ay can be calculated. Previous attempts 
to harmonize this fact with data for a schematic eye have not been 
successful and have resulted in obtaining an augmented optical effect 
of the correction glasses used for the calculation, by assuming a great 
distance between the glass and the vertex of the cornea. For example, 
TREUTLER! places the posterior vertex of the correction glass at a 
distance of 13 mm from the vertex of the cornea, and estimates the 
distance of the second principal point of the glass as being 1.5 mm from 
the glass surface. Thus, using the mean value of the correction, he 
obtains the value 80.735 mm for the distance of the virtual far point 
of the aphakic eye from the vertex of the cornea, corresponding 
therefore to a value Ay =13.27 dptr. 

This value is certainly rather too high, because in making an 
accurate measurement of the refraction of the eye the distance between 
the glass and the eye is taken as small as possible, and since, too, in 
most clinics the eyelashes of those who are operated on for cataract 
are removed. Nevertheless, if this value is used here by the writer, 
it is because he considers it as being an outside upper limit. 

It is not permissible simply to put A =0 in calculating the refracting 
power of the crystalline lens, as is usually done, because, in the first 
place, the normal refraction of the eye as ascertained by trial-case 
glasses is not emmetropic at the age when most cataracts are ex- 
tracted, and, secondly, owing to the aberration, this method does not 
give the value along the axis that is to be used in the imagery-laws 
of the first order. Whereas the aberration in the eye as a whole 
amounts to a difference of at least 1 dptr between the latter value and 
the value obtained by the ordinary method of refraction, the same 
difference may not exist in case of the eye that has been operated on 
for cataract. Indeed, the writer has proved ophthalmometrically 
that that part of the cornea, which ordinarily remains uncovered by 
the lid and has to be considered when the pupil has a fairly large size, 
is responsible for a slight positive aberration; as has been confirmed 
also by the ophthalmoscope in a case of spontaneous reabsorption of 
the lens. But after the cataract operation there occurs a pronounced 
flattening of the vertical section of the cornea, which has an effect on 


1 Hinige Bemerkungen zu den schematischen Augen. Klin. Monatsbl. f. Augenheilk. 
XL. 1902. 8.1. 
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the aberration in such fashion that the refraction of the operated eye 
as found by the trial-case method gives a value that is extremely likely 
to be the refraction along the axis. Consequently, while the value of 
A» is not influenced by the aberration, that of A is equal to the sum 
of the mean value of the refraction at the average age of the person 
who undergoes the cataract operation and the amount of the difference 
due to aberration between the measured refraction and the exact refrac- 
tion along the axis. By assuming the schematic value A =0.75 dptr, 
perhaps the writer may have chosen a lower limit for it. Hence, 
the value of 19.1 dptr for the refracting power of the crystalline lens 
as obtained by the formula above can certainly not be too small. 
Since the refracting powers of the two surfaces of the lens are 5 and 
8.33 dptr, the approximate schematic value of the refracting power 
of the core lens comes out to be 6 dptr as a probable upper limit. 
Now in the calculation of a schematic eye with this small value for 
the refracting power of the lens, it appears that it is only with this 
upper limit that the axial length of the eye is found to be in agreement 
with the results of anatomical measurements; and hence the writer 
uses it also as the basis of the calculation of the indicial equation. 
Let 21, x. denote the abscissae of the two vertices of the lens; mi, ue 
and pi, p2 the indices of refraction and the radii of curvature, respec- 
tively, at these points; uo, us the indices of refraction at the points 
whose coordinates are x =0, y= + 4.2, and x =0, y = —4.2; and D the 
approximate value of the refracting power of the core lens. Taking 
the millimetre as unit of length, the writer has therefore used the 
following numerical values in the calculation: 


1b 75 to 19 pi=10 po=—6 D=0.006 
vo=1.406 b= bo =1.386 is eotGs 


For p,, =0, these numbers give the following values of the constants 
of the indicial equation: 


m= 0.012537 n=0.0010475 
M =—0.0023004 N =0.00011470 
Po= 0.0011150 Pn=0.0016012 


It should be remarked that these constants are not mere numerical 
values, but are magnitudes with physical dimensions, and hence vary 
in value with the choice of the unit of length. Since the linear magni- 
tudes are expressed here in millimetres, the unit of refracting power, 
reduced convergence, etc., is equal to g thousand dioptries (Kilo- 
dioptry). 

By means of the indicial equation, the writer has constructed the 
sections of the iso-indicial surfaces made by a meridian plane, by 
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calculating a sufficient number of codrdinates for values of the index 
of refraction equal to 1.386 and 1.404. The outer 
curve (Fig. 131), therefore, does not coincide with 
the surface of the lens, but has a contact of the 
second order with it at the vertices only. The 
parabolic law of the variation of the index of refrac- 
tion along the axis is shown by the fact that the 
difference between the value of the index at the 
centre of the lens and that on the outer curve is 
ten times as great as the same difference for the 
inner curve. 
The following are the exact values obtained 
for the refracting power (D,) of the core lens and 
the positions of its principal points: 
D,=0.005985 H=0.22921 H’=0.25752, aie ASI, 


the reduced distances H, H’ being reckoned from the centre of the lens. 
As compared with previous estimates, the total index has the remark- 
ably low value of 1.4085. As long as the exact image-equations in hete- 
rogeneous media were unknown, the fictitious total index was the only 
method of representing this imagery at all. But now that the core lens 
has become a definite dioptric conception, perhaps the best way to 
understand its effect is in terms of the equivalent core lens; which is to 
be understood here as a lens having the same index of refraction as 
that at the centre of the crystalline lens and suspended in a medium 
with the same index of refraction as that at the vertices of the crystal- 
line lens; its refracting power and the positions of its principal points 
being identical with those of the real core lens. Moreover, the re- 
fracting power of the equivalent core lens is divided between the two 
surfaces in the same ratio as it is divided in the real core lens between 
the two portions of the substance of the lens on opposite sides of the 
centre. The advantage of using the equivalent core lens is because, 
so far as the imagery-laws of the first order are concerned, the entire 
lens system then has precisely the optical characteristics of the actual 
crystalline lens; whereas, on the contrary, the total index gives a 
wrong position for the principal points of the lens. The radii and 
thickness of the equivalent core lens, expressed in millimetres, are 
found to have the following values: 


r1=7.9108 re= —5.7605 d=2.4187; 
and if the distance of the anterior surface of the equivalent core lens 


from the anterior vertex of the lens is 0.5460 mm, the principal points 
of the equivalent core lens coincide with those of the real core lens. 
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Employing the formulae on page 285 for the combination of three 
component systems, we find therefore the following data for the 
crystalline lens as a whole: 


D,=19.1107 1000n2H;,=2.07792 mm 1000n2H’ = — 1.39317 mm, 


where H, H’ denote here, as usual, the reduced distances of the 
principal points of the lens from the corresponding surfaces. 

In the schematic eye it is best to consider the lenticular system 
as a system of revolution, just as also the surfaces of the cornea are 
represented as being surfaces of revolution, although the physiological 
form is not astigmatic. It is extremely probable that the latter is 
the case with the lens also. For the astigmatism of the entire system, 
that is, the total physiological astigmatism of the normal eye, does 
not amount to that of the cornea by itself, which implies that there 
must be an opposite lenticular astigmatism. As was explained above, 
ophthalmometric investigations of the cornea show that a section 
near the base of the cornea made by a plane perpendicular to the 
ophthalmometric axis is oblong in shape with its longer diameter 
vertical. And yet it is hardly conceivable that this is the case unless 
the whole anterior part of the eyeball has a similar shape, so that 
certain static conditions are thus involved that are calculated to 
produce an opposite lenticular astigmatism, which would be a natural 
result both of a corresponding oblong shape of the lens and of a 
feebler curvature in the vertical section due to greater tension of the 
zonule. However, due to the sources of error inherent in the methods, 
previous attempts at measuring lenticular astigmatism in the living 
eye cannot claim to be very reliable. Generally speaking, the measure- 
ments indicated a direct astigmatism of the anterior surface of the 
lens and an inverse astigmatism of the posterior surface; a result 
which by itself would seem to indicate pretty clearly its probable 
dependence on the sources of error that are involved in the unequal 
flattening of the cornea in different directions and on the decentration 
of the refracting surfaces. It should be added that an astigmatic 
refraction in the core lens may be involved in the form of the iso- 
indicial surfaces, without having to assume that the surfaces of the 
lens are astigmatic. 


3. The Optical System of the Eye 


For the compound system composed of the cornea and the lens the 
expression e 


1000n25 =0.0506+3.6+1000n2H, 


has to be substituted in the general formulae, and thus for the eye as a 
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whole we obtain: 
D =58.636, 1000 H =1.3975, 100 n.H’ = —4.2061, 


which are therefore the fundamental constants of the schematic eye. 
The complete data, as based on the calculation of the equivalent core 
lens, are collected in the following table. The numerical results of that 
calculation were obtained only to three places of decimals, and, con- 
sequently, there may be a difference as compared with the numbers 
given above amounting to as much as one unit in the last decimal place. 


SCHEMATIC Eyr, ACCOMMODATION RELAXED 


Tridex’of refraction of corned. / 5 04-0... 00.5)... 1.376 
= . “aqueous and vitreous humors... 1.336 
oe “ CSTE LORS nS ATE 1 TET S Pore Jy 1.386 
ee “ “ the equivalent core lens........ 1.406 
Position of anterior surface of cornea............... 0. 
a “posterior “ 4 LE) Soa ener 0.5 mm 
“ “ anterior “ Ga (SOs Cee Cate te eee 3.6 
& S “ as “ equivalent corelens.... 4.146 “ 
“ “ posterior “ “ “ “ “ : 6 ; 56 5 “ 
" as = STUIGTIS A Rs ace ener if ve G 
Radius of anterior surface of cornea................ Thee 4 
a “posterior “ ST COLNCAAL Ais Paar oc 6.8 a 
« * anterior BOE POOLS cee Menten ahi 10.0 S 
s a Gs « “ equivalent core lens..... Coil 
& “posterior “ Soa SIS 25.0 Ses ae roe —5.76 “ 
a - cs 3 SONG R satel Boor tre neuccbs cay sf —6.0 “ 
Refracting power of anterior surface of cornea....... 48.83 dptr 
‘ eee DOSLCLIOL Mai & eet yng OOO & 
& « © anterior ss Coen Gig) Setrocas aid 5.0 “ 
sf «  -. equivalent core lens: .<.... ...... DOS Daa 
4 « _ posterior surface of lens......... Sidos 8% 
Cornea System 
RCMaRtIn ge DOWCE re ers dcsesvesd -eghhsktpe - helo banae mee 43.05 dptr 
Position of first principal point.................. —0.0496mm 
f « second.principal-point ... 2... 6{: 2.24)... —0.0506 “ 
iPetOCAL LENE ignes: ces « 3)-bh orca sere sate Ypoias wee aed —23 227 1; 
Second 10CaL length ant. alte tee adie aman $1 O31 pads 
Lens System 
Refrackine VOWeb icine of. aets memes walt leignglen +O 19.11 dptr 
Position of first principal point.................. 5.678 mm 
é “ second principal point...............- 5.808 “ 


Boca lenges 44. tA comer cioprmendae regs ej ere 69.908 “ 
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Complete System of Eye 


Refracting power auc. a4» hegeiye ae eee 58.64 dptr 
Position of the first principal point............... 1.348 mm 

a - *“eééond prineimpal.point- sac «=e o>: OOZES 

G ie REIT St LOCA POI U peer t acr teri eee Siete 

< at SHON Second TOeAl POUR ans se on on etee 24°387 .¢ 
First fodatiength. < Seen oee eee eee eee 17 G50 08 
Second focal lene the ea ert ee anne ae eee D2 iSor ame 
Position of the retinaletoved:.«= ase =e eer 24.0 e 
Hypermetropia along the axis. 0.2 <i te 0. tea 10> “dptt 


The refraction-state as found by investigating such an eye as this 
would be that of emmetropia as will be shown presently in discussing 
the aberration. A section of the schematic eye is represented by Fig. 132 
in which the surfaces are regarded as spherical. 


Fig. 132. 


From the foregoing explanation it follows that the axial length of 
the schematic eye is determined by the refraction of the cornea and the 
mean refraction of the aphakic eye. The greater the refracting power 
of the cornea and the average hypermetropia of the aphakic eye, the 
shorter will be the axial length of the schematic eye. By taking account 
of the difference between the radii of curvature of the cornea at the 
vertex of the optical zone and the mean radius of curvature of this zone, 
the value of the refracting power of the cornea given above is the great- 
est value that is compatible with the preceding metrical results. The 
same thing is true as to the basis of the calculation by which the 
hypermetropia of the aphakic eye was found. Obviously, therefore, 
the length of the axis of the schematic eye cannot be made shorter 
without doing violence to the facts of the case. It is true that if the 
lens is removed from the schematic eye, it is 0.1 dioptry more hyper- 
metropic than it should be according to TREuUTLER’s requirements. 
Moreover, the axial length of 24mm is just inside the limits which he 
thinks are established by measurements of the dead eye. Without 
attaching undue importance to these measurements, the writer believes 
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however, that he is almost forced to conclude that they would make it 
very unlikely that the axial length of the schematic eye is greater than 
24mm. According to MAuTHNER,! measurements on dead eyes give 
more values around 25mm, which would bea good agreement, allowing 
1mm for the thickness of the sclerotica and choroid. However, on the 
other hand, lower values have been found in numerous measurements. 
But in estimating measurements of this kind it should be borne in 
mind that the length of the eye is diminished by post mortem changes; 
nor is it probable that it could be brought back to its original length 
by artificial restoration of the intraocular pressure that exists in the 
living eye, since, by virtue of their anatomical structure, a post mortem 
increase of thickness of the cornea and sclerotica may be accompanied 
by a contraction of the interior of the eyeball. 

The remarkably low refracting power of the lens of the schematic 
eye is a necessary mathematical consequence of the change of refrac- 
tion that occurs when the lens is removed. Taking account of the effect 
of aberration, it cannot be greater in the unaccommodated eye than has 
been found above. The mathematical connection that has been shown 
to exist between the total index of the lens and its shape enables us for 
the first time to calculate a schematic eye that is not contrary to any 
ascertained fact; whereas so small a value for the refracting power of 
the lens is, on the assumption of the validity of MarrutmssEn’s law, 
hopelessly at variance with the results of measurements of the index 
of refraction, and, besides, would not be sufficient for the low total 
index in the accommodating eye. If by elongating the axis of the 
schematic eye to a length of 30.98 mm it were made myopic to such a 
degree that it would be emmetropic if the lens were removed, the 
myopia along the axis would be 13.16 dptr at the first principal point, 
and the far point would be 74.58 mm in front of the vertex of the cornea. 
A glass of 16.7 dptr would be required to correct this myopia, with its 
second principal point, according to TREuTLER, 14.5 mm in front of 
the vertex of the cornea, not taking account of the effect of aberration. 
However, if the latter is taken into consideration, the glass required 
would have to be about 18 dptr, which agrees perfectly with the results 
of clinical investigation. 

But if it is thus absolutely necessary to take the aberration into 
account in the exact schematic eye, on the other hand, it may be de- 
sirable to calculate a simplified schematic eye, wherein, neglecting the 
divergent effect of the posterior surface of the cornea, we may assume 
that the lens is homogeneous, and the entire system free from aberra- 
tion. But as the fiction of a homogeneous lens is in itself so different 


1]. Mauruner, Vorlesungen riber die optischen Fehler des Auges. Wien 1876. 8. 422. 
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from the actual relations that the positions of the principal points of 
the lens cannot be exactly located, we may as well take advantage of 
the fiction by assuming the position of the optical centre of the lens. 
If the calculation is to be performed anyhow with the incorrect posi- 
tions of the principal points, there is no sense in taking account of the 
distance of these points from each other. The equivalent surface of 
the cornea to be used in a simplified schematic eye of this kind has a 
radius of curvature which agrees very closely with the schematic radius 
of the optical zone as found by the ophthalmometer, and hence this 
value has been assumed. By retaining only three decimals in the value 
of the total index of the lens, the following values have been found for 
a simplified schematic eye; the assumed values (except in case of the 
total index of the lens) being the same as in HELMHOLTz’s latest 
schematic eye,! provided the figures in the last two decimal places are 
discarded in the value of the radius of curvature of the cornea and in 
the last decimal place in the value of the index of refraction of the 
aqueous and vitreous humors. (HELMHOLTz’s data therefor are 1.4371, 
7.829 and 1.3365, respectively.) The lens in the calculation is an in- 
finitely thin lens with the vertices of its two surfaces at the optical 
centre of the crystalline lens of the eye. 


Simplified Schematic Eye 
Data assumed 
Index of refraction of the aqueous and vitreous humors 1.336 


as ee TAOTIS 6a nrc Wee aye, Sone te erent 1.413 
Radius of curvature of the equivalent surface of cornea 7.8 mm 
i “ « “anterior surface of lens.... 10.0 ‘ 
« & - “ “posterior surface of lens... —6.0 “ 
Position of optical centre of lens.................... 5.85 € 
Calculated values 
Refracting power ol cored... «..0) oe. ance ore nt ee 43.08 dptr 
a Sena) (3) 0 Baal ee Clete Neummhs cin bee 2, 20h OCF ane 
_ o\" Optical system ob eye. ce, wit ee ODEs: : 
First tocal length, of the comenss, tas oe atiane nee — 23.214 mm 
Second focal length of the cornea................... 31 O14" 4 
Focal Jength-of Jeng <a.1 atc bas aut ae Ae ee 65.065 “ 
Ritet toca length of ee ato tk ene etl eee —16.740 « 
Second focal length of eves... nce te eae ee 22.365 ~* 
Position of first principal point, nao, | on a cee LAE 4 ele 
- = SCCONd Principal Polar wre gtser tae eee T6310 24 
< me {iTst {O¢al DOINt 0, mechan een niet Nearest — 15.235 -* 
os Srsecond [o¢ak point...qeea nase ae eee 23.996," 


1 Handbuch d. phys. Opt. 2. Aufl. S. 140. 
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A reduced eye corresponding to the exact schematic eye and having 
an index of refraction of 4/3 would have aradius of curvature of 5.7 mm. 

According to the accuracy demanded in any given case, one or the 
other of these models can be employed. With regard to the simplified 
schematic eye, it should be expressly noted that, due to neglect of the 
aberration, the total index of the lens is greater than its actual be- 
haviour indicates, as its value in the exact schematic eye is only 1.4085; 
and, consequently, this latter eye should be used in ease it is desired 
to trace the rays through the lensexactly. In the simplified schematic 
eye it may be said that we are never concerned with calculating the 
refraction at the single surfaces of the lens, but the lens is always to 
be treated as a single unresolvable optical system. 

In the schematic eye both the decentration of the refracting surfaces 
and the obliquity of the line of sight (Visierlinie) are left out of account 
entirely, because the decentration is doubtful in amount, and more- 
over seems to be variable in extent. As we have already seen that the 
anterior surface of the cornea does not have any exact vertical plane 
of symmetry, obviously, the reflex images of infinitely large objects 
cannot determine any precise centering of the optical system. However, 
in HELMHOLTz’s experiment illustrated in Fig. 51 the effect of the 
asymetry of the cornea is eliminated as far as possible by basing it on 
the osculating ellipse, and there would seem to be hardly any doubt 
as to the fact that this experiment proves that the lens is decentered 
with respect to the axis of this ellipse. But since, by virtue of the 
asymmetrical structure of the cornea, it is not certainly established 
that the calculated axis of the ellipse is a normal to the cornea, it is 
not proved by the experiment that the axis of the lens does not in 
general coincide with the normal to the cornea that passes through the 
centre of the pupil. Investigations carried out by TscHERNING’s! 
method afford just as little proof of this. If, in observing the reflex 
images in the surfaces of the lens, the axis of the telescope and two 
lights, preferably ophthalmometric NErRNst lamps, are adjusted all in 
one vertical plane, then, supposing there was a vertical plane of sym- 
metry, a position of the eye can be found for which all six reflex images 
would be seen lying in one straight line. But generally this is not the 
case. When the patient’s eye looks right into the telescope, the reflex 
images in the anterior surface of the lens are on the nasal side of the 
reflex images in the cornea, and those in the posterior surface of the 
lens are on the temporal side. If then the look is directed in towards 
the nose, in most cases, first, the reflex images in the posterior surface 
of the lens turn into line with the reflex images in the anterior surface 


1Beitrage zur Dioptrik des Auges. Zeitschr. f. Physiol. u. Psychol. d. Sinnesorgane. 
III. 1892. S. 429 and elsewhere. 
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of the lens, and, last of all, the latter come in line with the reflex images 
in the cornea. This experiment shows that as a matter of fact the 
optical system as a whole has no vertical plane of symmetry (as had 
been previously ascertained in other ways by ophthalmometric in- 
vestigations of the cornea);.and, provided the surfaces were accu- 
rately spherical, or in case the experiment could be performed for very 
small angles of incidence, it would show that the axis of the lens does not 
coincide with a normal to the cornea, but passes on the nasal side of 
the centre of curvature of the cornea. Now in reality very large angles 
of incidence have to be used to perform this experiment with any 
success, because indeed it is generally necessary to dilate the pupil 
artificially, and then we have no right to assume that it is only the 
optical zone of the cornea that is concerned in the phenomenon. On 
the contrary, the uneven peripheral flattening in different directions 
is a factor; and therefore the experiments are not convincing. The same 
thing applies to the investigation of the vertical decentration where the 
lights are adjusted in a horizontal plane containing the axis of the tele- 
scope. With typically normal eyes the look has to be lifted a little 
above this plane in order to bring the various reflex images in line with 
each other. 

Accordingly, with respect to the decentration of the refracting sur- 
faces, all that can be said is that the optical system has no axis of syrn- 
metry, and that the optical axis of the lens, meaning thereby a common 
normal to the two surfaces of the lens, meets the cornea in a point that 
lies outwards and generally a little downwards from the ophthalmo- 
metric axial point; as is the case also with the normal to the cornea 
which passes through the centre of the pupil of medium size. But the 
fact that this normal, which was defined above as the optical axis of 
the eye, does not coincide with the optical axis of the lens, is so far not 
proved. Although, obviously, small deviations are extremely likely, 
they cannot be used in calculations, especially as they have not yet 
been definitely proved to exist. Investigations of the eye with a lumi- 
nous point (see below) prove that, if present, they do not affect the 
imagery in the eye. 

Practically, therefore, the only decentration that needs to be con- 
sidered is that due to the inclination of the line of sight to the optical 
axis of the eye, which can also be determined by the decentration of 
the pupil with respect to the ophthalmometriec axis of the cornea. 
In order to find experimentally the position of this axis, we must, as 
pointed out above, employ a pupil of medium size, preferably 4 mm 
produced by illumination. For although the apparent centre of the 
pupil does not seem to vary for small changes of the diameter, very 
considerable differences occur with greater variations of the diameter. 
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Thus, in one case where the investigation was made with a HELMHOLTZ 
ophthalmometer by the method described on page 315, the writer 
found for the angle between the line of sight and the optical axis 6.5° 
with maximum pupil and 2.7° with minimum pupil; and hence, on the 
supposition of a spherical cornea, the displacement of the centre of the 
pupil towards the nose, occurring during the contraction, would amount 
to 0.28 mm. However, part of this displacement may be really due to 
the asymmetrical flattening of the cornea in the horizontal meridian; 
and, besides, a difference as large as this is perhaps exceptional. By 
another, but not so sensitive method, HummetsHerm! found that the 
pupil contracted concentrically. 

Point-to-point correspondence of object and image occurs in a very 
narrow region in the vicinity of the axis of the optical system; and 
the structure of the retina corresponds to this fact in the most perfect 
manner, since it is adapted for distinct imagery only in a very small 
part of it. Hence, the excellence of the peripheral imagery in the eye 
is a matter of secondary importance. If, as a first approximation, the 
optical system is considered as a centered system of revolution, the 
two image-surfaces are surfaces of revolution concave towards the 
forward side, the first of which, whereon are focused the image lines 
of parallel circles, is nearer the optical apparatus than the second on 
which the radial or meridian lines are reproduced. Since Youna’s? 
time various investigators have endeavoured to construct these image- 
surfaces by calculation or to compute the astigmatism for the peri- 
pheral imagery, generally obtaining results in which the retina is close 
to the image-surfaces or between them. However, until the precise 
form of the posterior surface of the lens is ascertained, not much value, 
if any, can be attached to such calculations. The effect of the lamina- 
tion of the lens on this astigmatism was calculated by Hmrmann;3 
who found that the lamination tended to reduce the astigmatism. 
But this conclusion is due partly to his assumptions and partly to the 
fact that the differential equations which he used for the primary 
imagery are not correct. Computation of the schematic lens with vari- 
able index of refraction as given above shows that, for a ray incident 
at the centre of the anterior surface of the lens at an angle of 25°, and 
on the assumption that the posterior surface is parabolic, the astigmat- 
ism is greater than in a homogeneous lens with the corresponding total 
index. Of the methods of direct investigation of the peripheral imagery 
on the retina, the one that gives the least trustworthy results is by 
observing the image of a source of light through the sclera, as can be 

1 Pupillenstudien, Arch. f. Augenh. LVII. 8. 33. 1907. 


2 Tu. Youne, On the mechanism of the eye. Philos. Transactions, 1801. 
* Loe. cit. 
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done when the light enters sideways in the protruding eye. The mea- 
surement of the refraction with the ophthalmoscope by the method of 
the erect image also cannot compare with the skiascopic method, which 
has perhaps given the most reliable results so far. By this method 
DrvAvLtT! found that the retina is probably between the two image 
surfaces, and that the second surface is beyond it and nearer than the 
first. 

Since the line of sight makes a finite angle with the optical axis, 
the imagery in the fovea centralis of the retina, strictly speaking, be- 
longs to the region of the periphery. However, the resulting astigmat- 
ism for an angle of 5° amounts only to about one-tenth of a dioptry, 
as the writer has shown by calculation with HELMHOLTz’s schematic 
eye.? (TSCHERNING has calculated this astigmatism for different angles 
and finds much higher values, partly due to using a wrong formula, and 
apparently due also to his having confused these angles with the angles 
of incidence. From the formulae on page 277, it can be seen that the 
ratio of the refracting power of the first imagery to that of the second 
imagery is equal to 1: cos 7 cos 7’. But this ratio by itself does not 
give the astigmatism, because in the primary imagery the principal 
points do not coincide with the point of incidence. TscHERNING,' 
however, has not only used 1: cos’ in place of the correct ratio, but 
has also neglected the distances of the refracting surfaces from each 
other and from the corresponding principal points; which, together 
with the confusion of the angles, is responsible for the erroneous 
results.) 


III. Refraction of the Eye 


What is meant by the refraction of the eye is its focusing as de- 
pendent on the length of the axis and the refracting power of the optical 
system. This name has become firmly established, but it is not al- 
together a happy designation, inasmuch as it suggests merely one of 
the factors of optical focusing, whereas the different states of refraction 
are generally dependent on variability of the other factor also. It is 
found to be a great advantage in optical problems to reckon all dis- 
tances as positive in a certain definite direction—otherwise, the neces- 
sary changes of sign are apt to lead to errors. And so on the basis of 


1 Astigmatisme des rayons pénétrant obliquement dang l’ceil. Application de la skias- 
kopie. Arch. d’ophth. XX. 1900. p. 21. 

2 Loc. cit., Skand. Arch. f. Physiol. II. 

° Loe. cit., Encyclopédie frangaise d’ophthalmologie. III. p. 185. 
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this principle, in dealing with the subject of the refraction of the eye 
either distances measured in the direction in which the light goes must 
be counted as positive, as is usual in other parts of optics, or conversely. 
The latter method commonly prevailed until Hxss! first introduced a 
theoretically more correct mode of treatment. Thus, according to 
him, the far-point distance and the near-point distance are both 
negative when these points are real. The disadvantage of this method 
for the physician who is not trained in physics, and who therefore has 
to acquire this mode of view, is too slight to be compared with the 
simplifications that are gained thereby; and so the writer will follow 
Hess’s method, with the conviction that these advantages will be 
appreciated by oculists and ophthalmologists. 

The focusing of the eye is measured by the convergence of the 
bundle of rays that falls on it when the image is sharply in focus 
on the retina; and the only other question that has to be decided is at 
what point this convergence is to be measured. On account of the 
simpler form of the image-equations as referred to the principal points, 
the first principal point of the eye is particularly suitable for this 
purpose. Thus, in the general equation 

B=A+D, 

A denotes the refraction of the eye expressed in dioptries, D the re- 
fracting power of the optical system, and ; =b the reduced distance of 
the retina from the posterior principal point, which may be called the 
reduced length of the axis; whereas a= ‘ denotes the distance from the 
anterior principal point of the point that is exactly in focus. However, 
for practical reasons, it is desirable to measure the convergence of the 
bundle of incident rays also at the place where the spectacle lens is 
worn or, more accurately, at the second principal point of this glass. 
If g denotes the distance of the first principal point of the eye from the 
second principal point of the glass, whereby g is always positive, and 
if A, denotes the convergence of the bundle of incident rays at the 
glass, then 


f ipl A A, 
aa a1) A LOTT, A= : 
A, A 14+gA 1-gA, 
In these expressions g is hardly ever more than 15 mm, and A 
and A, usually do not exceed 20 dptr. Practically, therefore, the error 


1C. Hess, Die Refraktion und akkommodation des menschlichen Auges und ihre 
Anomalien. Leipzig 1902. A separate volume in GrarFre-Sarmiscy, Handb. d. Augenheilk. 


2. Aufl. II. T. XII. Kap. 
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due to neglecting the product g?A? or g?A,? will be of no consequence. 
and the useful approximate formulae 


A,=A(1—gA), A=A,(1+gA,) 


will be accurate enough.__Hess calls A, the correction value of the 
refraction; and hence the above relations may be expressed by saying, 
the difference between the refraction and the correction value is numerically 
equal to gA% or gA,%, provided the distance g is given in centimetres ; 
the correction value being always algebraically less than the refraction. 
In ophthalmological literature correction value and refraction are some- 
times called also “‘spectacle refraction”? and “principal point refrac- 
tion,” respectively. Thus, in myopia the spectacle refraction is numeric- 
ally greater than the principal point refraction, whereas in hyper- 
metropia it is just the reverse. 

Since the act of accommodation consists essentially in a change of 
the optical focusing of the eye, innumerable states of refraction are 
comprised within the limits determined by the far point and the near 
point. If the distances of far point and near point from the first prin- 
cipal point of the eye are denoted by r and 7, and if the corresponding 
convergences are denoted by R and P, respectively, the eye may have 
every refraction between these values. The difference 

R-P 

is the amplitude of accommodation; the refracting power of the optical 
system being increased, but the refraction itself being diminished by 
accommodation. However, when we speak simply of the refraction of 
the eye, it is understood that we refer to its static refraction, when it is 
focused for the far point, and when accommodation, therefore, is re- 
laxed. But if accommodation is exerted, there is a dynamic state of 
refraction, which has its smallest limiting value when the eye is focused 
for the near point. 

Ametropia differs from emmetropia in the fact that for the former the 
refraction has a finite value, this value being positive for hypermetropia 
and negative for myopia. The spectacle refraction is the power of the 
glass that will make an ametropic eye emmetropic; whence is derived 
also the name correction-value. 

As a general rule, the refraction must be determined by combination 
of the eye with an optical instrument. Let Do, D and D, denote the re- 
fracting powers of the optical instrument, the optical system of the 
eye, and the compound system, respectively; and let 6 denote the dis- 
tance (or in case the eye is immersed in a fluid, the reduced distance) 
of the anterior principal point of the eye frém the posterior principal 
point of the optical system which is to be combined with it. Then 
the data of the compound system can be found by the formulae: 
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6D 6D 
D,=D,)+D-— 5D D, H,=—, jE SE ee 
D; D; 
Now if, generally, the convergences of the artificial system (or the 
reduced convergences, if this system is not surrounded by air) at its 
ah, ; 1 1 
principal points are denoted by Ay = bo and By= 5? and if A, B, a, b, 
0 0 
and A,, B,, a:, b, have similar meanings for the eye and the compound 
system, respectively, the distances being all reduced distances; then 
B, denotes the refraction of the eye measured at the second principal 
point of the artificial system, and the principal point refraction is ob- 
tained from the expression: 
baci Feat: 5 
1—6(Ao+Dv) 


Hence, provided the distance of the object is so great that we may put 
A, =0 (as is the case in ordinary spectacle fitting), D) denotes the cor- 
rection value. In case of other combinations we get certain simplifica- 
tions for special values of 5. If both A» and 6 vanish, then the principal 


i 
point refraction is equal to Do. For 6= p, we find 
0 


pee pe(-+7)=-— 
ND tens eer 


where L, denotes the reduced convergence measured at the anterior 
focal point of the artificial system; the equation being therefore 
identical with the general focal point equation. We obtain the same 


: 1 
equation for the correction value of the ametropia when 6=— +49. 
0 


Hence, for a given value of Do, the distance of the first focal point of 
the artificial system from the object is in these cases proportional to 
the refraction or to the correction value of the ametropia. 

The size of the retinal image is given by the two general equations 


KB=A, KD=L; 


the distinct images in the fovea centralis being small enough for us to 
substitute here the ratio of the linear magnitudes of image and object 
in place of the magnification-ratios (which actually represent only the 
limiting values). Let a, 8 denote the linear sizes of object and image 
for the naked eye; then if the reduced principal point angle (w») and 
the reduced focal point angle (w,;) are defined to be the angles equal to 
a A and aL, respectively, the following expressions will be obtained: 
B st ate 


—= = ‘5 


? 
Wh w, D 
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which are better adapted for the case when the object is very far away, 
because then the magnification-ratio tends to become infinitely small. 
(In air the reduced angles are the same as the angles themselves, but 
they are employed here in order that the formulae may be applicable 
at once to vision under water.) These formulae state that the ratio of 
the size of the retinal image to the focal point angle depends simply on the 
refracting power of the optical system, whereas its ratio to the principal 
point angle involves only the reduced length of the axis of the eye. In em- 
ploying them it should be noted that, by the definition of the angles, 
they are negative in the case of a real object, and the resulting negative 
sign of 8 simply means that the image on the retina is inverted. The 
visual angle formerly used which has its vertex at the anterior nodal 
point of the eye is not so well adapted for precise purposes; and indeed 
the use of the nodal points in physiological optics is rather unfortunate 
anyhow, because there is no real advantage in them, and, on the other 
hand, they are conducive to much that is imaginary. 


When the eye is used in conjunction with an artificial optical 
system, the size of the image on the retina can be ascertained by the 
effect which this system produces on the magnitudes of the principal 
point angle and the focal point angle; that is, by investigating the 
magnifying power of an optical system used in conjunction with the eye. 
But here the question as to the absolute magnifying power of the in- 
strument must be kept distinctly separate from that of the individual 
magnifying power. The capability of the instrument itself is measured 
by the absolute magnifying power, since this magnitude has nothing 
whatever to do with the eye; whereas the individual magnifying power 
differs from the absolute magnifying power simply because it does 
take into account the idiosyncrasies of the eye in question. If ao, Bo 
denote the sizes of object and image with respect to the optical instru- 
ment, then 


BoA eee Bo=Ao+D 

O,= ’ — ) = = ; 
ee "BORD Prather 15 Apa 
and hence by eliminating Ao, Bo, we find: 


wr 
——=D)—A (1—6D)). 

ao 
An optical instrument used in conjunction with the eye performs 
best when the accommodation is entirely relaxed. Only beginners, 
and especially young people, accommodate unnecessarily in using an 
optical instrument. Moreover, since the emmetropic eye is to be re- 
garded as normal, we must put A =0 in the above formula in order to 
obtain the absolute magnifying power of an instrument. Accordingly, 
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the absolute magnifying power is measured by the refracting power, 
and hence is expressed best by this value in dioptries. However, most 
people who work with optical instruments do not know what refracting 
power means, and so in order to get an abstract number without any 
dimensions, it is customary to multiply this value by the conventional 
“distance of distinct vision,’ namely 0.25 m. Thus, the refracting 
power in dioptries is four times as great as the conventional value of 
the magnifying power. The idea of the distance of distinct vision goes 
back to the time when it did not occur to people that the eye could be 
focused for infinity; and for this very reason it is an extremely un- 
fortunate expression, because even nowadays an optician may be led 
to suppose that when an instrument is in action the image must be 
formed at this conventional distance from the eye. It is singular 
that ABBE,! who perceived the necessity of the notion of the absolute 
magnifying power of a lens system,—and called it “die vergréssernde 
Kraft’’— was obliged to think of it in terms of a definite distance of 
the instrument from the eye, because at that time the distance of dis- 
tinct vision was regarded as being something real. As a matter of fact, 
it is nothing more than simply a conventional distance of projection. 
When, employing this conventional mode of speech, we say that the 
magnification number of an instrument is n, all that we mean is that 
its refracting power is 4n dioptries; and hence an emmetropic eye, 
using this instrument without exerting any accommodation, obtains 
a retinal image of the object that is n times as large as it would be if 
the object was viewed by the eye alone at a distance of 25cm from its 
anterior principal point; the reduced length of the eye not having been 
altered by the accommodation that is required in this latter instance. 

In the case of an afocal instrument like the telescope, the absolute 
magnifying power cannot be obtained by the above formula. But it 
can be found immediately from the fact that in such types of instru- 
ments the values of the magnification-ratio are the same everywhere; 
and, consequently, an afocal instrument is completely determined as 
soon as we know the positions of a pair of conjugate points and the 
corresponding magnification-ratio. The reciprocal of this ratio is the 
reduced angular magnification-ratio; and if the latter is denoted by k, 
then 


Wh 
= ’ 
apAo 


where the reduced convergence A» is measured from the point on the 
axis of the instrument that is conjugate to the anterior principal point 


k 


1Ernst ABBE, Gesammelte Abhandlungen. I. Jena 1904. S. 445. 
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of the eye. For an emmetropic eye the object is at infinity when the 
instrument is afocal. In this case the distance apart of the two points 
just mentioned is infinitesimal as compared with the distance of the 
object, and hence the number k gives the absolute magnifying power of 
the focal system. 

The individual magnifying power in the various cases is to be found 
from the general formula above. With an ordinary magnifying glass, 
for example, both 6 and Dy are positive; and hence 1 —é6D, is positive 
also, provided the posterior focal point of the glass is beyond the an- 
terior principal point of the eye. Under such circumstances, the in- 
dividual magnifying power is less than the absolute magnifying power 
for an hypermetropic eye, and greater for a myopic eye; and assuming 
that the reduced length of the eye is constant, the individual magnifying 
power increases with accommodation. Exactly the reverse is the case 
when the anterior focal point of the magnifying glass is nearer the glass 
than the first principal point of the eye; and if these two points co- 
incide, the individual magnifying power and the absolute magnifying 
power are equal, no matter what the state of refraction of the eye is. 
If we put 

i! 
ees 
Do 
where A denotes, therefore, the reduced distance of the anterior prin- 
cipal point of the eye from the posterior focal point of the optical in- 
strument, the following equation is obtained: 


Wh 
=——=D, (1+ A4), 
ao 
which is the same in form as that given by ApBeE.! It shows that 
what was stated above in regard to a magnifying glass is true likewise 
for any optical system—for example, in case of a compound microscope 
for which Dy is negative, and where 6 may be negative for an instru- 
ment of low power; differences of magnifying power as above given 
being numerical differences. 

Hence, the individual magnifying power as given by this formula 
is expressed in dioptries, since, after all, the scientific measure of magni- 
fying power must be a measure of refracting power. In order to obtain 
an abstract number, this value must be multiplied either by the con- 
ventional distance of projection or by the distance which would be 
best for viewing the object in question by the naked eye, in each case 
the distance being given in metres. The first of these numerical values 
would not contribute anything useful, because nobody who is not 


1 Loe. cit. 
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already familiar with refracting power will be interested in individual 
magnifying power; but the latter number does give an expression for 
what may be termed the individual effective power of the magnifying 
instrument. Inasmuch as the displacement of the posterior principal 
point of the eye during accommodation is too slight to be taken in 
account, the individual magnifying power of an optical instrument as 
found by using the principal point angle is sufficient for obtaining the 
individual effective power; because the latter measure involves a com- 
parison between two different states of accommodation, and the size 
of the retinal image is always proportional to the principal point 
angle, no matter what the accommodation may be. 

Hence, the essential facts concerning the magnifying power of an 
optical instrument used in conjunction with the eye may be summed up 
as follows: 

The expression 

sDo(1+ AA), 

gives generally the individual magnifying power of the instrument in 
dioptries, provided we put s equal to the number 1; and for A =0, it 
gives also the absolute magnifying power. If, on the other hand, we 
put s equal to the value in metres of the distance of distinct vision 
in case of the given individual (counting this distance as positive), the 
above expression gives the number representing the individual effective 
power; and for s =0.25 m, which is the conventional distance of projec- 
tion, and for A =0, it gives the number that expresses the conventional 
magnifying power of the instrument. Again, if we put s equal to the 
distance of the first principal point of the eye from the object, the above 
expression is identical with that of EscuricutT and Panvum!, which is 
erroneously referred to the nodal point angle. A positive value for the 
expression means magnification without apparent inversion. More- 
over, it should be noted that the method of derivation throughout 
implicitly assumes that the images are very small, and hence the 
formula applies only to the size of the image that is seen distinctly 
when the eye is stationary. There is really no difference between this 
formula and that of ABBE who used the tangent of the angle instead of 
the angle itself. However, nothing is gained by doing this, because, so 
far as we are concerned with the actual imagery, we have no right 
to substitute the magnitudes of object and image in place of the 
magnification-ratio unless the field is so circumscribed that the differ- 
ence between angle and tangent is negligible. The contrary assump- 
tion is due to a fiction of the imagery’s being collinear according to 
ABBE’s notion. 

1p. L. Panu, Die scheinbare Grésse der gesehenen Objekte. Arch. f. Ophth. V, 1. 
1859. S. 1. 
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The peculiar contrivance of the organ of vision, with a very narrow 
field of distinct vision, which, however, may be shifted from place to 
place, is responsible for the circumstance that in inspecting an extended 
object the real factor after all is not the size of the image on the retina 
but the amount of the requisite angular movement of the eye. And 
hence when we come to consider the magnification of an extended object, 
we must employ the angle at the centre of rotation of the eye in place 
of the principal point angle, that is, the angle subtended at the centre 
of rotation by the image as seen in the instrument. And here we must 
keep in mind the fact that the values as given by the imagery-laws of 
the first order are merely approximate. 

Again, when we wish to compare the sizes of the retinal images in 
different eyes, evidently, the principal point angles, cannot be employed, 
because the reduced length of the axis of the eye is not the same for 
different degrees of refraction. However, we know from ophthal- 
mometric investigations that the differences that occur in the optical 
system of the eye are not connected with the state of refraction; and 
hence the focal point angle does afford a measure of the size of the re- 
tinal image that—at least in case of so-called axial ametropia—is 
independent of the refraction, and consequently is best suited for the 
purpose here. The refracting power of the optical system of the eye is 
equal to the ratio between the focal point angle and the size of the 
retinal image; but it is not practicable to compare the sizes of the 
retinal images in two different eyes unless the refracting power has the 
same value for botheyes. For most eyes this seems to be approximately 
the case, and such cases of ametropia as show no sign of any difference 
of this kind are included under what is known as azial ametropia, as 
distinguished from curvature ametropia, which is the name given to 
those forms of ametropia in which the length of the axis of the eye is 
normal. However, both in axially-ametropic eyes and in emmetropic 
eyes different values of the refracting power do occur, as we know from 
v. Revss’s! investigations. Hence the size of the retinal image as 
measured by the focal point angle represents merely its probable value, 
and the best we can obtain at present. 

Finally, in comparing the visual acuity before and after removing the 
crystalline lens of the eye, the angle to be used (as ByERKE? found) is 
the angle whose vertex is situated at the apparent place of the optical 
centre of the lens. (With the degree of accuracy that is attainable in 
making this comparison it is quite permissible to use here the simplified 
schematic eye.) If this angle is denoted by w, and if the magnification- 

@ 


1 Loe cit. 
2 Loc. cit. 
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ratio at this optical centre is denoted by x, then 
w= BoA, = KBB., 


where A.,B, are the reduced convergences. Now since xB. has the 
same value before and after the extraction of the lens, this must 


be true also with respect to the ratio - : 


The derivation of the formulae is precisely the same for the other 
angles as for the principal point angle; and hence the three following 
expressions, 


Wn AAS 
—— = ~—** = Dy—Ay(1— 8D) =Do( 1+ AnAn) 
a By 


are quite general, where w, denotes the angle which the image as 
seen in the optical instrument subtends at the point designated here by 
N; A, denotes the refraction of the eye as measured at this point; 
and 6,,4, denote the distances of N from the second principal point 
and from the second focal point of the optical instrument, respectively. 

Thus we are in the position to investigate now the variations of 
the visual acuity as dependent both on the ametropia and on its correc- 
tion. The visual acuity of the eye is partly a measure of the sensitivity 
and efficiency of the retina itself; and consequently must be measured 
by some method which enables us to compare the sizes of the retinal 
image in different eyes. The principle of it consists, therefore, in ascer- 
taining the smallest actual value of the focal point angle when accom- 
modation is entirely relaxed (far point focusing). But the visual acuity 
is partly also a measure of the capacity of the individual eye, entirely 
apart from its state of accommodation; and from this aspect it must be 
measured by the smallest actual value of the principal point angle. 
The former measure is called the absolute visual acuity; and the 
latter the natural visual acuity, as directly ascertained, therefore, by 
finding the least value of the principal point angle for the unaided eye. 
In both of these measurements the retinal image is the smallest image 
possible, and for one and the same eye this smallest image is the 
same in both cases. Now the visual acuity is inversely proportional 
to the ‘‘angle of distinctness’’ or resolving power of the eye; and since 
for a given value of 6 we have always 

Wh B 


Wy D 
we derive the following formula for the absolute visual acuity (S) in 
terms of the natural visual acuity (S,): 


S=8S 1+<) 
-s,(1+4 
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If L denotes the correction-value measured at the anterior focal point 
of the eye, then since 

T5j ye 

AULD 


the formula above may be expressed also in terms of L instead of A, as 


follows: 
L 
s.=S(1 — 9) : 
D 


If f denotes the numerical value of the anterior focal length of the 
eye in centimetres, the preceding formulae may be stated in words, 
thus: The absolute visual acuity is found by adding to the natural visual 
acuity f% for every dioptry of ametropia; and the natural visual acuity vs 
found by subtracting from the absolute visual acuity f% for every droptry 
of the correction-value at the anterior focal point of the eye.. However, in 
using these rules it must be remembered that for a myopic eye both the 
ametropia and the correction-value are negative, and hence algebraic 
addition is equivalent to arithmetical subtraction, and wice versa. The 
formulae show how axial ametropia affects the natural visual acuity 
In a case of pure curvature ametropia, in which the reduced length of 
the axis of the eye is normal, the natural visual acuity is independent 
of the ametropia. On the other hand, for the same sensitivity of the 
retina, the absolute visual acuity, as in the case of curvature-anomalies 
of an emmetropic eye, is inversely proportional to the refracting 
power of the optical system of the eye. 

If in measuring the visual acuity of the eye by the aid of an auxili- 
ary optical instrument the vertex of the ‘‘angle of distinctness’ used 
in the determination is taken at the anterior principal point of the 
interposed optical system, and if the apparent value of the visual 
acuity as thus found is called the relative visual acuity and denoted by 


S,; therratio of S, to S is equal to “* > and the ratio of S, to S, is 


ap Ao 
Wh : : : E 
equal to ae ; and hence these ratios may be obtained immediately 
ao0L1 9 
from the above formulae. From the equations 
L A 
S,=S:—=S, - 
Bo Bo 
we derive: 


S:=S (be) =Sa (oA), 


where 6; denotes the distance of the afiterior focal point of the eye 
from the posterior principal point of the auxiliary optical system. In 
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the ordinary determination with a spectacle glass this interval is so 
slight that it is negligible for the degree of precision with which the 
visual acuity can be measured; and the same thing applies also to the 
difference between the value of L and the correction value as found in 
this case. For 5;=0, the relative visual acuity of the unaccommodated 
eye is equal to the absolute visual acuity; and hence, with sufficient 
accuracy for practical purposes, we may say that the absolute visual 
acuity vs obtained immediately by making the measurement with a spectacle 
glass that abolishes accommodation; and also that the ratio between the 
natural and the absolute visual acuity is the same as that between the 
correction value and the ametropia. According to the above, the dis- 
tance at which the vision is tested is a matter of no consequence what- 
ever; but the shorter this distance, the more powerful must be the 
instrument employed, and the more perfect must be the fulfilment of 
the condition that the distance from the anterior principal point of the 
instrument shall be the basis of the measurement of the visual acuity, 
and that its posterior principal point shall coincide with the anterior 
focal point of the eye. 

Moreover, the formulae show that the relative visual acuity of the 
unaccommodated eye is to the natural visual acuity generally in the same 
ratio as the ametropia is to the correction value measured at the posterior 
principal point of the auxiliary system; the latter value being the same 
as the refracting power of the auxiliary system only when the object is 
very far away. But for a great distance of the object, 

(1+ 64) (1— 8D») =1, 
and hence 
S,=S, (1—6Dp). 

Consequently, if the interval 6 is given in centimetres, we can say that 
the natural visual acuity generally may be found from the. relative visual 
acuity as determined with a distant object by subtracting from it 6% for 
every dioptry of the power of the glass employed, no matter whether the 
eye accommodates or not. 

Instead of using the angle w, which is concerned in the measure- 
ment of the natural visual acuity, suppose we employ the angle w with 
its vertex at the apparent place of the optical centre of the crystalline 
lens. Then, applying the formula above, we get the ratio of the relative 
visual acuity after extraction of the transparent crystalline lens to that 
found before its extraction, namely: 


where 6, denotes the distance of the apparent place of the optical centre 
from the posterior principal point of the auxiliary system, and D.,D. 
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denote the refracting powers of the spectacle lenses used before the 
operation and afterwards, respectively. The same result is obtained, 
rather more circuitously, by comparing the absolute visual acuity of 
the eye without the crystalline lens to that of the eye with it, this ratio 
being equal to D:D... 

When the eye is combined with an optical instrument in such 
manner that the posterior principal point of the instrument and the 
anterior focal point of the eye are united, it is possible to calculate 
the change in the length of the eyeball corresponding to a given value 
of the axial ametropia. According to the formulae on page 361, the 
refracting power of the compound system in this case is equal to that of 
the eye alone, and the anterior focal point of the system as a whole 
coincides with the anterior principal point of the auxiliary system. 
Since the focal lengths are not altered by inserting the latter system 
in this way, the reduced displacement of the posterior focal point is 


and if the correction value is Do, the posterior focal point lies on the 
retina of the eye. According as the basis of the calculation is the exact 
or simplified schematic eye, it follows that the length of the axially 
ametropic eye differs from that of the emmetropic eye by 0.389 or 
0.374 mm, respectively, for every dioptry of the correction value. The 
same result is obtained by using the general focal point equation. 

When the eye is combined with an instrument whose posterior focal 
point coincides with the anterior principal point of the eye or with its 
anterior focal point, the natural visual acuity in the former case, or 
the absolute visual acuity of the unaccommodated eye in the latter 
case, is obtained by measuring the angle a Dy; as follows immediately 
from the formula 

Wn=—aoDo (1+A,A,), 
since in both cases A=0. Since, as was shown above, the refraction 
in the first instance, and the correction value in the second, is propor- 
tional to the distance of the anterior focal point of the auxiliary system 
from the object, these combinations have frequently been used in the 
construction of optometers. 

In measuring the refraction of the eye, besides an auxiliary optical 
instrument, an indicator is needed or some means of telling whether 
the image in the eye is sharp or not. The best means will always be a 
measurement of the visual acuity that is under the control of the 
investigator and independent of the patient’s opinion. The division 
of the pupil into separate parts would afford another indicator for the 
existence of blur circles; these parts being employed, simultaneously 
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or in succession, for optical projection, unless the accuracy of the result 
is impaired by the aberration-behaviour of the normal eye. Here may 
be mentioned the indicators based on the experiments of SCHEINER and 
Ming; together also with the method recently proposed by Houru! 
under the name of Kinescopia. If the connection between the size of 
the pupil and the ocular aberration were such that the laws of the first 
order were applicable, the theory of this latter process would be con- 
tained in the value of the linear projection coefficient (page 290), since 
the question involves the optical projection on the retina of a hole 
held in front of the eye. In this case the magnitude denoted by x in 
the formula 


C=x (1—46’8) 


is the magnification-ratio at the point conjugate to the hole with 
respect to the optical system of the eye; whereas 6’ denotes the reduced 
distance of the retina from this point, and 8 the reduced convergence 
of the bundle of object-rays measured at the same place. A positive 
value of C here indicates an optical projection in the direct sense 
(homonymous), that is, a crossed monocular diplopia in SCHEINER’s 
experiment and an apparent movement opposite (“against’’) the 
real movement in MILn’s experiment. Putting 


1 
Ate —.—§/, 
B 
where A’ denotes the reduced distance of the image-point that is con- 
jugate to the object-point as measured from the retina, we may write 
the preceding formula as follows: 


where K denotes the magnification-ratio at this image point, and %& 
is the convergence of the bundle of object-rays as measured at the place 
where the hole is. Hence, it follows that C does not change sign when 
the sign of « changes in consequence of a shifting of the hole along the 
axis of the eye past its anterior focal point. } 

The same formulae give also the siz2 of the blur circle in so far as 
this can be obtained by the laws of the first order; but the results are 
to be considered as being merely approximations to the real facts in 
the case when the pupil is small and the focusing error quite large. 
Under these circumstances % and 8 denote the reduced convergences 
of the bundle of object-rays as measured at the entrance-pupil before 


1§. Hotta, Nouveau procédé pour déterminer la réfraction oculaire. Ann. d’Oculistique. 
CXXXI. 1904. p. 1. 
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refraction and at the exit-pupil after refraction, respectively. The 
centre of the entrance-pupil is the apparent position of the pupil of the 
eye and the centre of the exit-pupil is the point conjugate to the centre 
of the entrance-pupil with respect to the optical system of the eye; 
and x denotes the magnification-ratio for this pair of conjugate points. 
If the (static or dynamic) refraction of the eye as measured at: the 
entrance-pupil is denoted by #, then 


Kk? rae 
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where C denotes the ratio of the diameter of the blur circle to the dia- 
meter of the entrance-pupil, and 6’ denotes the reduced distance of the 
retina from the exit-pupil. Neglecting in this formula the distance 
between the entrance-pupil and the anterior principal point of the eye 
and also the difference between the size of the pupil and that of the 
entrance-pupil, we may put «=1 and consider 6’ as representing the 
reduced length of the axis of the eye. The approximate formula derived 
in this way was obtained by SatzMann! for the general case, and by 
NaGEL? for the special case when & =0. GLEICHEN,? using the magnifi- 
cation-ratio for the pupil, has shown that the latter formula holds 
exactly. 

The laws of imagery and optical projection of the first order are not 
sufficient for investigating blurred vision. For with a pupil of medium 
size the aberration of the eye is such that focusing errors amounting 
to several dioptries are not enough to prevent the existence of curves 
formed by the intersection of the caustic surface with the retina, in- 
volving a single or multiple imagery of lines; whereas, on the other 
hand, even with the sharpest focusing, blur circles of considerable 
magnitude occur. With a smaller pupil phenomena of diffraction have 
play. Due to the first circumstance, the exact investigation of the 
depth of focus of the eye, CzeRMAK’s so-called accommodation-line, 


consequently, 


and hence 


1M. Satzmann, Das Sehen in Zerstreuungskreisen. Arch. f. Ophth. XX XIX. 2. 1893. 
8. 83. 

? A. Nace, Die Anomalien der Refraktion und Akkommodation des Auges. Handb. 
d. ges. Augenheilk. von GRAEFE und SaEmiscH. Bd. Pies Kap. X. 1880. S. 457. 

° A. GLEICHEN, Einfiihrung in die medizinische™ Optik. Leipzig 1904. 8.117. And: 
Uber die Zeciec Gung agtren im menschlichen Auge. Arch. f. Optik. I. 1908. S. 211. 
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proves to be a very complicated mathematical problem. These aberra- 
tions explain also the influence of practice in trying to interpret the 
image-patterns made by other sections of the caustic surface, as 
SatzMan'has emphasized. This practice also is particularly important 
for explaining the peculiar ability of reading in the case of high un- 
corrected hypermetropia; although the ratio between the size of the 
blur circle and the size of the indistinct image has something to do with 
it also. 

In general, for the optical projection on the retina of objects that are 
not seen distinctly, the linear projection coefficient Cy) may be found 
from the fact that the reduced angular magnification-ratio at the pupil 
is equal to the reciprocal of the linear magnification-ratio: 

ere 
K 

When the object is real and has to be adjusted near the eye to be 
seen distinctly, both & and Cy are negative, whereas C and #—Y% are 
positive. Hence, for this case: 


Q Z O=-% 
. a Co a) 
where Q and O are the numerical values in question. The general 
formula 


C R-a 
Chri es 
may then be put in the form: 
cen 
O 


Let p denote the diameter of the entrance-pupil and o the linear size 
of the object; then pa is the ratio of the diameter of the blur circle to 
0 


the linear size of the image projected on the retina. It follows at once 
from the formula that Q diminishes as O increases, provided § is posi- 
tive; whereas when this latter magnitude is negative, the case is just op- 
posite. This agrees with the fact that when an object approaches an 
hypermetropic eye, the size of the blurred image on the retina increases 
faster than the diameter of the blur circle; while with a myopic eye 
it is the other way. This explains how an hypermetrope, of say, 8 dptr 
can read fine print 5 cm away from his unaided eye. However, the 
fact that hypermetropia is really more unfavourable than other states 


1M. Satzmann, Das Sehen in Zerstreuungkreisen. Arch. f. Ophth. XL, 5. 1894. S. 102. 
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of refraction, can readily be understood by observing that for a positive 
value of the refraction, even when the object is nearest, Q is greater 
than unity; whereas for emmetropia, Q always has the value unity; 
and this value is not reached in myopia as long as the object is too near 
the eye to be seen distinctly. This particular effect of the state of re- 
fraction is illustrated best by taking an object whose length is equal 
to the diameter of the entrance-pupil. Then Q denotes the ratio be- 
tween the diameter of the blur circle and the size of the image, and the 
sign of (Q—1) tells whether the blur circles corresponding to the two 
ends of the object overlap or not. Evidently, they do in hypermetropia; 
but in emmetropia these two blur circles touch each other; and in 
myopia there is a space between them. It is apparent, therefore, that 
emmetropic refraction, and still more myopic refraction, is more 
favourable for the kind of reading here spoken of than hypermetropic 
refraction; and that the hypermetrope gets the best results by dis- 
regarding his error of refraction and accommodating as much as pos- 
sible. This is exactly what he does, in the effort to reduce the size 
of the blur circle, not so much by changing the optical focus as by the 
accompanying contraction of the pupil. Emmetropes and myopes 
might therefore be able to read in this way even better than hyper- 
metropes, provided they were able to contract the pupil to the same 
extent as uncorrected hypermetropes, and had, like the latter, prac- 
tised the art from childhood. 

However, for the size of pupil here under consideration the quality 
of the image produced by optical projection may not be gauged by the 
size of the blur circle, because diffraction at the edge of the pupil 
influences the distribution of light inside this circle.! It is easy to be 
convinced of this by using a stenopaic opening. By making himself 
ametropic with a high power glass in front of his eye and looking 
through a hole held opposite the centre of the pupil between the glass 
and the eye, a person may see, even with a 2 mm hole, but better still 
with a 1 mm hole, a concentration of light on the ,border of the blur 
circle corresponding to a small luminous point-source. That this is a 
diffraction-effect, and not due, say, to aberration of the glass, is shown 
partly by the fact that the phenomenon persists with larger opening, 
and partly also because the effect of the aberration would be just the 
opposite. Being a matter of diffraction, the inference cannot be drawn 
that the shadow cone corresponding to a black point on a white surface 
is analogous to the cone of light for the luminous point. The exact 
investigation of the effect of diffraction in a case of this sort would be 
a very difficult mathematical exercige. However, it is clear that it 


* Accordingly, there would be no practical result in discussing the case when C+C)=K 


. . . . . . u 
however interesting it might be from the geometrical point of view. 
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does distribute some light in the region of the shadow cone, and hence 
also does have some influence on the size of the shadow circle and the 
shadow distribution. 

Since in the optical projection in the eye the apparent size of the 
object is increased by the blur circles, obviously, the magnification in 
the correction of high hypermetropia by convex glasses is less noticeable 
than the opposite effect in the correction of high myopia by concave 
glasses; and in the latter case the correction is not so advantageous, 
especially if on account of poor visual acuity small retinal images cannot 
be appreciated anyhow. 

Chromatic resolution of the blur circles affords a method of in- 
vestigating them that is comparatively unaffected by the aberration 
and diffraction. In the formula on page 371 A’ has different values 
for different colours; and therefore when the focusing is sharp for a 
colour of short wave-length there must be a blur circle for a colour of 
long wave-length, and vice versa; and these blur circles must be seen 
more and more distinctly in proportion as the light consists of a mixture 
of two colours of long and short wave-lengths. A cobalt glass of suffi- 
ciently saturated colour illuminated by an ordinary candle flame affords 
practically a very useful light-mixture for this purpose. A very good 
indicator of the imagery, as described by HrLmMHo.LrTz on page 176, 
is afforded also by observing the coloured edge of a hole placed in front 
of the source of light. 

Donvers’ method of finding the refraction is still for the time being 
superior to all others. It consists in connecting the eye with various 
glasses, and using the visual acuity test with object far away as indi- 
cator of the focusing. The process therefore gives both the correction- 
value and the absolute visual acuity, the strongest positive or weakest 
negative lens being found for which the visual acuity of the eye is 
greatest. The advantages of this method consist in the objective 
control made possible by the visual acuity test and in the relaxation 
of the accommodation, which according to experience is easier for most 
people with spectacles and a distant object than when they have to 
look into an instrument. It would take us too far to enter here into 
the details of this method or of the other methods of optometry. It 
may be merely remarked in this connection, that just as a great distance 
of the object is favourable to relaxation of accommodation, similarly 
a short distance stimulates this power. Thus while DonpErs’ method 
is best for finding the far point, the determination of the near point 
necessary for obtaining the amplitude of accommodation is best made 
by direct measurement, after having shifted it by inserting a suitable 
lens before the eye to a distance that is convenient for measuring. 
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Numerous investigations have established the fact that the physto- 
logical refraction of the eye at birth is hypermetropic. The contrary 
data of JAnGER,! as Hess? and Exscunie’ have shown, are due to the 
fact that in his measurements the pupil was not dilated artificially, 
and that the refraction of babes is essentially diminished by accom- 
modation, temporarily anyhow. Congenital hypermetropia, amounting 
on the average to 2 dioptries according to SrrAvB’s’ findings, decreases 
even in childhood, so that from school-age upwards the normal state 
of refraction is emmetropia or very feeble hypermetropia, returning 
again after fifty years of age to something like that of infancy and ap- 
proximately reaching this state at a very advanced age. Srravs is of 
the opinion that the greatest part of the hypermetropia continues 
throughout the entire life, being masked by a tonic of the ciliary muscle; 
but the material in support of this view is perhaps hardly sufficient to 
establish its correctness. 

The change of refraction that occurs in earliest childhood is the 
result of the change of the length of the eyeball and of the optical sys- 
tem in growth. As to the optical system, the radius of curvature of the 
cornea is indeed rather smaller in the infant than in the adult—the 
values are around 7.0mm. But the chief difference is in the lens, whose 
form is nearly spherical, and which therefore must have a very high 
total index of refraction. The attainment of approximately emmetropic 
refraction by the vast majority of eyes would evidently imply a regu- 
lating mechanism operating in growth. Thus we know that in hyper- 
metropia efforts of accommodation are necessarily of much longer 
duration than in other states of refraction, and that in continuous ac- 
commodation a force is at work which with the growth of the eye tends 
to lower the refraction. By the tension of the choroid produced by 
the contraction of the ciliary muscle, a statical moment is always 
brought into play which might have some effect on the growth of the 
axis of the eyeball, and whereby the change of form of the lens in 
accommodation may undoubtedly have some influence during growth 
on the arrangement of the iso-indicial surfaces, and accordingly also 
on the total index. It is quite possible that other regulating forces, 
as yet unknown, may be present also. 

The recurrence of hypermetropia in extreme old age is explained 
partly by the change of form due to the increased resistance of the 


1Ep. v. Jazcer, Uber die Einstellungen des dioptrischen Apparates im menschlichen 
Auge. Wien 1861. 

2 Loc. cit. S. 284. 

* Bemerkungen tiber die Refraktion der Neugeborenen. Zeitschr. f. Augenheilk. XI. 
1904. 8. 10. ) 

4M. Srravs, Die normale Refraktion des menschlichen Auges. Zeitschr. f. Physiol. d. 
Sinnesorg. XXV. 1901. S. 78. — Uber die Atiologie der Brechungsanomalien des Auges 
und den Ursprung der Emmetropie. Arch. f. Ophth. LXX. 1. 1909. S. 130. 
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coating of the eyeball and the decreased pressure of the surrounding 
tissue, as established by ophthalmometric investigation of the cornea; 
but partly also by senile changes in the crystalline lens. Whether the 
first of these causes produces a measurable increase in the radius of 
the cornea, perhaps, as remarked above, cannot yet be positively 
asserted; but there is hardly any doubt that it might be responsible 
for shortening the length of the ocular axis a few tenths of a millimetre. 
The other influence may cause a reduction of the total index, not only 
by augmenting the cortical index but also by changing the form of 
the iso-indicial surfaces of the crystalline lens. Last of all, the effect 
of the senile contraction of the pupil has to be considered also, which 
with normal aberration must produce at least some slight increase of 
the refraction; because an eye that was emmetropic with a pupil of 
medium size would have to show hypermetropia amounting to 1 dptr 
with an infinitely small pupil. 

The change of the lens, that is senile in its last stage, begins in 
earliest childhood. This is connected with the fact that the lens is a 
closed epithelium structure with no outlet for discharge; in which 
indeed, throughout the whole life a constant influx occurs, as is shown 
by the investigations of PrrsstLEy SmiTH.! This change is manifested 
in the living eye by a steady increase of fluorescence? that is perceptible 
without difficulty by suitable arrangements. Another sign of it is the 
appearance of reflex images on the periphery of the lens core known 
as Hxss’s “‘Kernbildschen’”’; indicating a surface of discontinuity in 
the variation of the index, which might constitute, so to speak, the 
boundary between a core and a cortical layer. And, finally, this process 
in the lens is shown by an increasingly diffused reflection of the light 
and by a colour of the light reflected from the core, which with advanc- 
ing years gets more and more yellow; frequently too by a doubling of 
the PURKINJE image reflected in the posterior surface of the lens, when 
this image is being observed in a direction that borders on the equator 
of the lens core. Correspondingly in the dead lens, along with the steady 
increase of dimensions, there is found also a progressive sclerosis of 
the central portions and differentiating of the core. Functionally, this 
change in the lens is manifested by a progressive decrease of the ampli- 
tude of accommodation which begins as soon as this magnitude can be 
measured. The following are the numerical values as given by DonDERs?® 
in his fundamental researches: 


1 The growth of the crystalline lens. Brit. Med. Journ. I. 1883. S. 112. 

2A. GuLLsTRAND, Die Farbe der Macula centralis retinae. Arch. f. Ophth. LXII, 1. 
8. 43. 

> Loc. cit. 
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Age Amplitude of accommodation 
in years in dioptries 

10 14 

15 12 

20 10 

25 8.5 

30 7 

35 Syo 

40 4.5 

45 3.5 

50 2.5 

55 1.75 
69 1 

65 0.5 

70 0.25 


However, in considering these numbers it should be borne in mind 
that the method employed gives the limit of perceptibility of the 
smallest blur circle, and hence the measurement as made depends on 
the focus depth and is affected by the size of the pupil. Perhaps, there- 
fore, the senile decrease of amplitude of accommodation may proceed 
rather more suddenly than the table indicates, and for every 5 years 
after the age of forty it may be estimated at 1 dptr with sufficient 
accuracy. 

Presbyopia is the recession of the near point beyond the conventional 
distance of distinct vision, which means here a distance of 22 cm ac- 
cording to the earlier value that was assigned to this arbitrary measure. 
(In calculating magnifying power the value of 25 cm was taken by the 
followers of ABBE as the measure of the distance of distinct vision.) 
In the case of an emmetropic eye presbyopia begins after forty years 
of age. But from a practical standpoint the customary size of the pupil 
has much to do with this matter. This magnitude is very often affected 
by an illness that has lowered the general vitality or by a neurasthenic 
condition; and thus owing to an increase in the size of the pupil there 
is a development, familiar to every ophthalmologist, of sudden presby- 
opia in an emmetrope fifty years old. Corresponding to the idea of 
presbyopia, the corrected ametrope usually becomes presbyopic at 
the same age as the emmetrope, but the uncorrected hypermetrope 
become presbyopic sooner, and the uncorrected myope later or perhaps 
never. 

It would lead us too far at the present stage of this science to take 
up more in detail the anomalies of refraction. Its enormous development 
since the appearance of the first edition of this treatise is apparent when 
it is recalled that there for the first time in a supplement the difference 
between hypermetropia-and presbyopia was noticed. Donprrs”! great 


& 
1 Loc. cit. Translated in German by O. Becker: Die Anomalien der Refraktion und 
Akkommodation des Auges. Wien 1866. 
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work was followed by books by Mauruner,! NacEL? and Lanpotr;3 
and the entire subject was essentially revised by Hess‘ by employing 
the exact dioptry-idea, and its treatment elevated to the requirements 
of the time. 

Hypermetropia is congenital in the typical cases and comes under 
the head of axial ametropia. In its higher degrees it is to be regarded 
as a structural hindrance, frequently accompanied by other structural 
faults such as astigmatism, asymmetry, abnormal form of the papilla, 
etc.; whereas in its milder form it should perhaps be explained as 
some anomaly of growth. Of all the unusual (or atypical) forms of 
hypermetropia the most frequent by far is that which occurs after 
extraction of the crystalline lens, which is also the most remarkable 
example of a curvature ametropia. 

On the other hand, typical myopia is an acquired anomaly, belong- 
ing, however, like typical hypermetropia under the head of axial 
ametropia. The mildest degrees of myopia, as of hypermetropia, are 
probably due to some simple growth anomaly, whereas its highest 
manifestations are undoubtedly symptoms of disease. Just as to a 
certain extent the line between growth anomaly and diseased condition 
is arbitrary, so also the opinions of ophthalmologists are not at all 
unanimous as to the degree of myopia that is most common. The orig- 
inal cause of it is known to be a disposition, either constitutional or 
acquired by weakness of some kind, and the effect of over-exertion 
with close work. The disposition is generally attributed to too much 
yielding of the coating of the eyeball, but possibly too the static rela- 
tions in growth may have something to do with it, similar to the pre- 
disposition of dolichocephali or long-headed folks. As to how and why 
over-exertion with close work is injurious, there has come to be a wide 
diversity of opinion. The view that accommodation has a tendency 
to increase the intraocular pressure to which ophthalmologists now- 
adays attribute the prejudice against complete correction of myopia 
on the part of the laity and many factory workers, has been upset 
by careful investigations. Moreover, the idea that the convergence 
necessary for close work should bear the blame, can hardly be any longer 
maintained in those cases where convergence is normal and effected 
without any abnormal strain of the external muscles of the eye. On 
the other hand, it is evident that a steady fixation involving exertion 

1 Loe. cit. Vorlesungen tiber die optischen Fehler des Auges. Wien 1876. 

2 Loe. cit. Die Anomalien der Refraktion und Akkommodation des Auges. In Handb. d. 
ges. Augenheilk. von GRAEFE und SaEmiscu. Bd. VI. X. Kap. 1880. 

*. Lanvort, La réfraction et Vaccommodation de Voeil. In Traité compl. d’ophth. par 
Wecker et Lanvotr. T. III. Paris 1887. 


4 Loc. cit. Die Refraktion und Akkommodation des menschlic 1«n Auges und thre Anoma- 
lien. Leipzig 1902, and in Handb. von Grarre und Saemiscu. 2. Aufl. II. T. XII. Kap. 
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on the part of all the external muscles, together with the customary 
knitting of the eyebrows as in sickness, may have a tendency to elon- 
gate the axis of the eye. And supposing the steady accommodation 
that goes on in the hypermetropic eye of a child is a process of regula- 
tion inducing emmetropic refraction, may it not likewise be probable 
that an excessive accommodation strain tends to promote myopia? 
Certainly, clinical experience testifies to a comparatively frequent con- 
junction between myopia and those conditions dating back to child- 
hood, which, due to poor visual acuity, require the work to be brought 
excessively close to the eye; such as lamellar cataract, corneal specks, 
astigmatism, abnormal decentration, cases where the accommodation 
by means of the accompanying contraction of the pupil improves vision 
disproportionately, and is for that very reason apt to be used ex- 
cessively. 

However, while opinions may differ as to the manner of the effect 
of “near work,’ the necessity of trying to prevent unnecessarily 
strenuous “‘near work’’ is recognized to be one way of combatting the 
spread of myopia, as is attempted, for instance, in the modern system 
of school-hygiene. The glorious victory which Sweden has won by this 
method is a tribute to WipMarRx’s! classification. By abandoning 
Gothic type and the so-called German handwriting, Germany might 
probably no longer enjoy the unenviable distinction of being known 
as ‘““Myopia-land.”’ 

From what has been said it is evident that the supposition, especi- 
ally prevalent among uncorrected myopes, that myopia is a sort of 
adaptation to the needs of civilization, is completely mistaken, since, 
rather than identifying civilization with close work, myopes are to be 
considered as people who have to pay for civilization by being disabled. 

Cases of unusual or atypical myopia, coming under the category 
of curvature ametropia, occur with abnormal form of the cornea and 
of the lens surfaces. In the same class, though strictly speaking repre- 
senting “indicial myopia,’’ belongs the myopia that is found in connec- 
tion with senile changes of the lens in advanced age, and likewise the 
temporary myopia discovered first by HirscHBERG? in case of diabetes, 
by Moauro? in case of jaundice, and by Scuteck*‘ in case of sleeping 
sickness; whereas the temporary myopia occurring in case of iritis, 

1 J. Wipmark, Uber die Abnahme der Kurzsichtigkeit in den héheren Knabenschulen 
pee Mitt. a. d. Augenklinik d. Carol. Med.-Chir. Inst. zu Stockholm. X Heft. 1909. 


?J. Hirscusere, Diabetische Kurzsichtigkeit. Centralblatt f. prakt. Augenh. XIV. 
1890. S. 7. 

°G. Moavro, Di alcune alterazioni oculari in malattie epatiche. Lavori della clin. 
oculist. di Napoli. III. 1893. S. 100. ° 

‘FF. Scuincx, Uber temporire Myopie. Klin. Monatsbl. f. Augenh. XLV. 1907. 8. 40. 
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regarded by ScHAPRINGER! as an indicial myopia, may be explained 
by tension of the zonula fibres in case of swelling of the ciliary processes. 
Senile myopia is always accompanied by a characteristic variation 
of the aberration and is due to an increase of the total index of the lens. 
An increase of the core index may tend in this direction, but myopia 
is possible even without such a change, because with progressive scle- 
rosis the form of the iso-indicial surfaces may be changed. The final 
stage, known as ‘‘false lenticonus,” consists in the loosening of the 
transparent core from the cortical substance or in a cataract formation 
usually proceeding with pronounced core-sclerosis. The tendency to 
cataract in diabetes renders it likely that cases of permanent myopia 
in connection with diabetes among old people are similar. Moavro 
and SCHAPRINGER connected temporary myopia with increase of index 
of the aqueous humor, but as Hxss? has shown, this is impossible. It 
might be more reasonable to attribute it to a variation of the index 
of the substance of the lens caused by a change of composition of the 
surrounding fluid, because this is the explanation also of temporary 
hypermetropia as observed in case of diabetes. Thus if the new sur- 
faces corresponding to the change of index do not coincide with the 
iso-indicial surfaces, the arrangement of the latter will be changed, and 
the total index for the individual difference in the procedure of the iso- 
indicial surfaces may be raised thereby as well as lowered. 
Astigmatism cannot be included under ametropia proper, because 
it does not imply a peculiar focusing fault but rather an image fault 
that defies exact focusing. Whereas in the case of ametropia in the 
strict sense it is possible to speak of a single image in the fovea centralis, 
this is no longer permissible with astigmatism, but the two imageries 
have to be kept separate. In the former case there is a certain point- 
to-point correspondence between object and image, but not so in the 
latter case. Only those lines are reproduced that are parallel to the 
principal sections when the latter are planes of symmetry, which how- 
ever may not be at right angles to each other; but the image-lines on 
the retina are perpendicular. With astigmatism of sufficient amount 
its existence can therefore be established even in the most regular 
cases, and the orientation of the principal sections can be found, by 
making the patient name the two meridian lines of a circle, as marked 
on a chart, that are seen distinctly with different focusing, no matter 
whether the change of focus is produced by accommodation or by lenses 
from the trial case. However, in the ordinary degrees of this trouble 


1A, ScuapRINGER, The proximate cause of the transient form of myopia associated 
with iritis. Amer. Journ. of ophth. X. 1893. p. 399. 
2Loe. cit. S. 341. 
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the shortness of the focal length as compared with the amount of the 
aberration is such that for normal size of pupil the relations are much 
more complicated, because different sections of the caustic surface cause 
the imageable lines to lie in different directions for different focusings 
or produce a double image. The only way, therefore, to find the 
directions of the object lines corresponding to the principal sections is 
to contrive in such fashion that the entire focal interval (as measured 
by the astigmatic difference) shall lie in front of the retina and at the 
same time coincide with the edge of the caustic surface; so that the 
rear edge, being its only line of section, is all that can affect the retina, 
as follows from Fig. 121. This form of the caustic surface shows the 
erroneousness of the prevalent opinion that the amount of astigmatism 
can be found by using the fan-shaped chart with the meridian lines. 
This can only be done by using the visual acuity as indicator, since it is 
the maximum visual acuity—and not just merely the “normal’’ acuity 
—that corresponds to the proper correction of astigmatism. Astig- 
matism is so common and so often complicated with abnormal decentra- 
tion of the eye that there is perhaps no other scientific investigation 
that has a greater claim on scientists than a conscientious measurement 
of refraction and visual acuity. 

The limit of the normal astigmatism of the eye probably should be 
given as 0.5 dptr, the direct form being more common in youth and 
the inverse form (‘against the rule’) in more advanced life. Con- 
sequently, an inverse astigmatism of 0.5 dptr in youth is to be regarded 
as a pathological symptom. Clinical experience shows that such a 
condition may be harder for the patient than a direct astigmatism 
amounting to 1 dptr or more. 

In the typical cases of abnormal astigmatism the trouble is con- 
genital and evidently dependent on static conditions in the develop- 
ment and growth of the eye. Acquired astigmatism (except that 
beginning in old age and the inverse astigmatism due to increase of 
pressure in glaucoma) occurs generally after illnesses and operations 
through the cornea. 


IV. The Mechanism of Accommodation 


For a dioptric study of the accommodating lens it is necessary 
to know the nature of the changes in the form of its surfaces and of the 
increase of its thickness. The other cltanges which have been shown 
to be associated with accommodation are of less importance for the 


G. 327.] IV. Mechanism of Accommodation 383 


dioptrics of the accommodating lens than for the mechanical processes 
of accommodation. 

In order to begin the discussion of the problem of the mechanism 
of accommodation from the optical standpoint, supposing the change 
of focus of the eye due to the variations above mentioned is known, 
we have now merely to ascertain the data of the accommodating sche- 
matic eye that corresponds to the schematic eye as previously found. 
However, owing to the difficulties involved in the decentration of the 
refracting surfaces, and to lack of knowledge as to the form of the 
peripheral parts of the surfaces of the lens, the requisite data are not 
sufficiently well known at present. There have been plenty of researches 
on these subjects, but, so far as the forward displacement of the an- 
terior pole of the lens and the change of curvature of the anterior 
surface are concerned, the results can be considered as only partially 
reliable. On the basis of the earlier work,1 Hetmnourz selected the 
schematic values 0.4 and 6 mm for the change in position of the anterior 
pole of the lens and the radius of the anterior surface of the lens, 
respectively, in the accommodating eye; the amount of the optical 
change of focus being found by calculation. However, the change of 
focus as found by observation should be greater than appears from this 
calculation, as up to this time no investigator has found that the radius 
was reduced to one-half the size, and HeELMHOLTz’s accommodating 
schematic eye shows a change of refracting power amounting to only 
6.5 dioptries. The recent investigations of TscHERNING and Brsto? 
agree very well with these values, provided the relative change of 
curvature is considered, and allowance is made for the sources of error 
incident to the methods of investigation. In the cases which TscHER- 
NING studied, instead of a forward displacement of the anterior surface 
of the lens, he found a backward movement of the posterior surface, 
resulting in an increase of 0.3 mm in the thickness of the lens. He 
attributed this to individual differences, at the same time pointing out 
that the determination of the position of the surfaces of the lens is not 
very accurate. In this connection it may be remarked that the results 
of such measurements are decidedly more certain when HELMHOLTz’s 
precautions are followed; which consist in repeating the experiment 
after exchanging the positions of the telescope and the source of light. 
Furthermore, the cornea must not be regarded as a spherical surface. 

The writer also has obtained similar results. He had the opportun- 
ity of examining repeatedly, over a long period of time, an intelligent 

1See the works already mentioned of Knapp, ADAMUK and Wornow, MANDELSTAM 
and Scuéter, Reicu, together with compilation in 2nd edition of Handb. d. phys. Opt., 


S. 147. 
2Loc. cit. Compiled by TscHEeRNING, loc. cit. Encycl.fr.d’ophth. T. III. p. 266. 
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young man, nineteen years old, who was an unusually good marksman 
and who could fixate well. The determination of the depth of the 
anterior chamber was made by HEeLtmuHottz’s method. The radius 
of the anterior surface of the lens was measured directly with his 
ophthalmometer, using an ophthalmometric Nernst lamp. The 
calculation was made by the exact formulae applicable to imagery 
obtained with an oblique illumination. Values between 0.3 and 0.4 mm 
were found for the displacement of the pole of the lens when the eye 
was accommodated for a needle placed 10 cm from the cornea. Results 
between 10.34 and 10.42 mm were found for the radius of the anterior 
surface of the lens with relaxed accommodation; and between 5.5 and 
5.9 mm. in case of accommodation for a point 10 cm away. The closer 
agreement of the figures for the anterior surface of the passive lens as 
compared with the results for the accommodating lens might be taken 
to show how accurate the measurements were; or it might indicate 
also the difficulties of exact accommodation in the region: of the near 
point. For this reason the smaller value probably is the more correct. 
Hitherto, nothing has been definitely known concerning a change 
of position of the posterior surface of the lens during accommodation. 
To be sure, experiments have often indicated a slight movement one 
way or the other, kut the methods used have not been exact enough to 
exclude the possibility of this result’s being due to inherent sources 
of error, even if the lens itself were actually homogeneous. As a matter 
of fact, the properties of the heterogeneous medium constitute addi- 
tional sources of error, inasmuch as the configuration of the iso- 
indicial surfaces is altered by the change of form of the lens, as shown, 
for example, by a variation of the total index. Now this would not be 
of so much importance provided the investigation of the posterior 
surface of the lens could be made by studying the procedure of rays 
along the axis, because then it would be easier to apply a correction. 
But inasmuch as obliquely falling light has to be used, the necessary 
means for the correction are lacking as long as the exact form of the 
anterior surface of the lens in both the passive and the accommodating 
eye is unknown. Besides, owing to the concomitant contraction of the 
pupil in accommodation, it is often impossible to examine reflex images 
in the posterior surface of the lens with the axis of the eye maintained 
in the same direction as it was adjusted for the images in the anterior 
surface (unless the result is vitiated by an artificial dilatation of the 
pupil entirely beyond the limits of strictly physiological conditions). 
And, moreover, the centering of the eye is influenced by accommoda- 
tion. In view of these sources of error, jt is not surprising that quite 
different results have been obtained for the variation of curvature of 
the posterior surface of the lens in accommodation. Knapp, who was 
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one of the earlier investigators, found a difference of from 0.5 to 1.5 mm 
between the radius of the passive lens and that of the accommodating 
lens. In the case measured by TscHERNING, the radius of the posterior 
surface of the lens was diminished from 5.7 to only 5.3 mm by accom- 
modation, whereas the corresponding values of the radius of the anterior 
surface were 9.7. and 5.4 mm, respectively. Brsro’s results, on the other 
hand, differed by 1.0 mm. 

Taking into account the above sources of error, the only definite 
conclusion that can be drawn from these investigations is, that as yet 
there is no proof of a change of position of the posterior surface of the lens 
in accommodation, and that the curvature of the posterior surface of the 
lens increases in accommodation, though to a very slight extent. 

By an original method of his own, GrRTz' has recently come to the 
same conclusion. He investigated the conditions under which the spot 
of light mentioned on page 223 appeared as a sharp image, that is, 
the secondary catadioptric image in the eye. To be sure, owing to the 
unavoidable oblique incidence of the light in this experiment, there 
are probable sources of error due to astigmatism that render the method 
useless for this purpose; but otherwise it is adapted for checking 
schematic eyes. Gertz also drew no conclusions in regard to this 
matter, but he found that in this particular case the posterior pole 
of the lens exhibited no noticeable axial movement during accomoda- 
tion, and that the curvature of the posterior surface of the lens increased 
by the generally accepted amount during accommodation. Inasmuch 
as the quéstion here is simply one of the comparison of the results 
of different investigations on one and the same eye, under the influence 
of similar sources of error, perhaps these errors should in the main 
counteract each other, and the result be correct. 

In trying to construct a schematic accommodating lens, it appears 
to be best to represent the relations as they exist when the power 
of accommodation is greatest, that is, in youth before the appearance 
of surfaces of discontinuity or cleavage in the lens. Accordingly, the 
writer has chosen the focusing for a point approximately 10 cm distant 
from the cornea. With reference to his numerical results above men- 
tioned, he has likewise assumed that the radius of curvature of the 
anterior surface of the lens becomes reduced in accommodation from 
10 to 5.33 mm. But the value 0.4 mm, taken by Hetmuourz for the 
amount of displacement of the anterior pole of the lens in acecommoda- 
tion, has been retained. Owing to the very small value that must be 
ascribed to the change of form of the posterior surface of the lens in 
accommodation, the curvature of this surface in the accommodating 


1H. Gerrz, Uber das sekundiire katadioptrische Bild des Auges. Skand. Arch. f. 
Physiol. XXII. 1909, 8. 299. 
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eye is largely a matter of choice. The selection of a symmetrical form 
seems to be justified, because the schematic eye is intended to have 
maximum accommodation, and, as far as can be determined from the 
measurements, the lens approaches this form as closely as possible 
during accommodation. The accommodative change of curvature of 
the posterior surface of the lens as here assumed is between the values 
found by Hetmuorrz and his pupils, on the one hand; but it is also 
between the values found by TscHERNING and his pupils, on the other 
hand; and in each instance is nearer the value found by the teacher. 
But as to the reliability of this datum, all that can be said is that 
with our present knowledge it is not possible to be more accurate. 
The choice of the definite value 5.33 for the radius of curvature was 
made, because this number gives the value of the total index that cor- 
responds to MaTTHIEssEN’s law, and so makes it possible to give a 
mathematical proof of the law. At the same time, the discrepancy 
between it and the value obtained by the writer’s measurement is no 
more than might be due to the sources of error of the methods. Since 
the anterior surface of the lens is subjected to a greater change in 
accommodation than the posterior surface, it may be supposed that 
in the axial enlargement the portion of the lens lying in front of the 
point of maximum index undergoes more variation than the portion 
beyond it. Consequently, a symmetrical structure of the accommodat- 
ing lens is probable also for this reason. The refracting power of the 
lens may be calculated in the usual way from the optical focusing, 
the data of the corneal system, and the length of the passive schematic 
eye. By using an optical centre for the lens that is to be calculated, an 
approximate value of about 33 dioptries is obtained. The refracting 
power of each surface of the lens is 9.375 dptr. Now since the refracting 
power of the core lens which comes into the calculation must be some- 
what greater than its exact value, and since the sum of the refracting 
powers of the individual systems again exceeds the total refracting 
power, the approximate value of 15 dptr is found for the refracting 
power of the core lens to be used in the calculation. In addition to 
these data, the other two equations needed for finding the indicial 
equation of the accommodating lens are dependent on the two condi- 
tions, that during the change of form, (1) there is no compression at 
the centre of the lens, and (2) that the volume included within the 
largest closed indicial surface remains unaltered. These conditions are 
due to the fact that the forces operative in accommodation are too 
feeble to produce by compression any appreciable alteration of the 
volume or the indices of refraction of thegvarious parts. 

Accordingly, the data to be used in the calculation of the accom- 
modating schematic lens are: 
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—%1=%2=2,° Pi=— p2=9.333..., D=0.015, 
which give the following constants for the indicial equation: 
m=0.0025031, n=0.0023443, 
Dm=0.0224907, Po=0.0021085, Pr=0.0008399. 

Owing to the symmetrical structure, the coefficients M and N are 
both equal to zero. Exactly as in the case of the unaccommodated eye, 
these results have been used by the writer to calculate a number of 
coérdinates of the points of intersection of a meridian plane with the 
iso-indicial surfaces corresponding to the values 1.386 and 1.404 for 
the indices of refraction. The results are exhibited by the curves in 
Fig. 134; and for the sake of comparison, the corresponding curves 
for the unaccommodated lens are reproduced in Fig. 133. The outlines 
of the surfaces of the lens as shown in these diagrams have been con- 
structed by making them parabolic as far as possible towards the 
equator; but the connecting branches have been put in arbitrarily and 
estimated so as to fulfill the condition that the volume contained be- 
tween the surfaces of the lens and the greatest closed indicial surface 
should remain unaltered during the change of shape The writer 
particularly wishes to emphasize the fact that these figures are entirely 
accurate only with respect to the iso-indicial surfaces and only on the 
assumption of the symmetrical structure of the core lens for maximum 
accommodation. Their purpose is to represent the optical mechanism 
of accommodation objectively 
so far as this question is con- 
cerned with the imagery laws 
of the first order along the 
axis, and to illustrate diagram- 
atically the relationship of this 
optical mechanism to the dy- 
namics of the accommodative 
changes of the lens. With re- 
spect to the first of these ob- 
jects, it should be noted that a 
slight difference of curvature, 
such as might well be present 
in many an eye if sufficient 
weight were attached to the 
ophthalmometric measure- 
ments, would make N have 
only a very small value. The effect of this on the form of the 1so- 
indicial surfaces would be hardly noticeable; as can be readily seen, 
even without calculation, by considering that the comparatively 


Fig. 133. Fig. 134. 
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high bending of the unaccommodated lens does not produce any more 
asymmetry in the arrangement of the iso-indicial surfaces than is shown 
in Fig. 133. Again, as to the connection between the optical mechanism 
and the dynamics of accommodation, this will be discussed more at 
length presently; but here attention is directed simply to the fact that, 
if, in accordance with Brsro’s researches, the peripheral parts of the 
anterior surface of the lens are flatter than those of the posterior sur- 
face, the result might be an asymmetry of the external form of the lens 
without any asymmetry of the core lens. 

A comparison of the distribution of the iso-indicial surfaces in the 
passive and in the accommodating lens shows at once that the shifting 
of the individual parts in the direction of the axis during increase of 
thickness of the lens is greatest in the equatorial plane, and that here 
the parts lying nearer the axis of the lens are shifted more than those 
nearer the equator. The mathematical investigation shows that this 
latter condition is an expression of the alteration of the total index 
with the change of shape of the lens. As this might have been postulated 
a priori from the anatomical structure of the lens, the conclusion is 
that the change of the total index accompanying accommodation is 
necessarily connected with the anatomical structure. 

In order to understand this relationship, it is simply necessary to 
remember that the lens fibres are attached both anteriorly and pos- 
teriorly, describing in their course arcs which are convex toward the 
equator. When the points of attachment of the fibres are separated 
from one another by the increase of thickness of the lens, the arches 
must be spread, involving the greatest amount of dislocation of 
particles in the parts of the fibres farthest from the points of attach- 
ment. If the lens were always symmetrical, a centripetal shifting would 
have to occur at the equator. If the point of maximum centripetal 
shifting on each lens fibre were determined, and a surface passed 
through all these points, this surface of maximum accommodative 
shifting would coincide with the equatorial plane. But since the 
passive lens is asymmetrical, and the change of shape is particularly 
marked on the anterior surface, the surface of maximum accom- 
modative shifting must be concave towards the front. This con- 
clusion, drawn entirely from the anatomical structure of the lens 
with respect to its asymmetrical accommodative change of shape, 
may also be deduced directly from the figures given above, as a result 
of mathematical analysis. The slight change of form of the posterior 
surface of the lens demonstrates that the points of attachment of 
the lens fibres adjacent to this surface must, on the average, be less 
separated from one another during accommodation than those of the 
fibres lying on the anterior surface. Since, on the whole, the fibres of 
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the posterior surface have their points of attachment situated more 
towards the periphery on the anterior surface, and towards the centre 
on the posterior surface, and as these conditions are reversed in the 
case of the fibres of the anterior surface, the distance of the posterior 
pole of the lens from the anterior point of attachment of the Zonula 
Zinnw must be relatively less changed during accommodation than 
the distance of the anterior pole from the posterior point of attachment. 
As a result, the shifting at the anterior point of attachment must occur 
in a direction approximately corresponding to a tangent to the surface. 
Consequently, it follows from the anatomical structure of the lens, 
that the increase of curvature of the anterior surface of the lens during 
the accommodative change of form 1s accompanied by an axipetal shifting 
of the anterior point of attachment of the zonule. As may be deduced 
from the figures given above, mathematical investigation demonstrates 
the presence of a corresponding shifting in those parts of the largest 
closed iso-indicial surface that are nearest to the point of attachment. 

As the surface of maximum accommodative shifting contains cross 
or slightly oblique sections of the lens fibres, the rapidity of the centrip- 
etal movement of these sections during accommodation must be 
greater at a point nearer the axis than in the vicinity of the equator. If, 
for example, a centripetal movement of 0.1 mm occurs 4 mm from the 
axis, the superficial area of the fibrous cross sections contained within 
the circle of radius 4 mm is equal to 0.87 square millimetres; and 
exactly the same area of fibrous cross sections would be contained in 
the circle of radius 2 mm for a centripetal movement of 0.2 mm. 
It is true, this mechanism might be impeded by the fact that the fibres 
lying nearer the axis would be cut obliquely by the surface of maximum 
shifting in the passive state and perpendicularly during accommoda- 
tion, provided the centripetal movement could occur to a sufficient 
extent. But in order to compensate the suggested difference of centrip- 
etal shifting, the oblique section must make an angle of 60° with the 
perpendicular section; and this is manifestly impossible. Another con- 
sequence, therefore, of the anatomical structure of the lens is that the 
equatorial diameters of the smaller iso-indicial surfaces must be pro- 
portionately more shortened in accommodation than those of the larger. 
But according to the mathematical investigation, this is an expression 
of an increase of the total index; and hence the increase in total index 
during accommodation, as proved by physiological-optical investiga- 
tions, may be deduced directly from the anatomical structure of the lens. 
The so-called S-shaped curvature of the lens fibres is inferred from the 
fact that the projection of such a fibre on the equatorial plane is not a 
straight line; and the reason why in this discussion of the anatomical 
structure of the lens the possibility of a change in this curvature has 
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not been mentioned, is because the only thing that could modify it 
would be radially directed elevations and depressions. This is a neces- 
sity due to the mode of attachment of the lens fibres in rows, so that 
any mutual shifting of the individual fibres at these points is impossible. 
On the other hand, it follows again from the anatomical arrangement 
of the lens fibres, that during the accommodative change of form, such 
elevations and depressions must either originate in the iso-indicial 
surfaces or must be reversed there, if they are already present. Else, 
they would undergo a reduction of superficial area during accommoda- 
tion. This might perhaps be possible if the lens were composed of freely 
movable particles; but is actually impossible because the capability 
of movement is restricted by the arrangement of the fibres. However, 
a necessary mathematical consequence of this accommodative change 
of the iso-indicial surfaces is the variation of the star-shaped appear- 
ance of a luminous point. 

A slight increase of the index at any given point may result from the 
interpenetration of individual fibres between others, even though the 
physical indices of the individual fibres are not altered. This explains 
why the smaller iso-indicial surface shown in the diagrams is apparently 
a little nearer the anterior pole of the lens during accommodation, 
because the superficial extent of that portion of it which is nearest the 
axis is augmented by the forward displacement, and this must involve 
an interpenetration of fibres from the central region. 

Thus, the dioptric investigation of the lens in accommodation has 
resulted in finding out the accommodative variations that occur in 
the substance of the lens. At the same time, it appears that these 
changes, which for convenience may be grouped together under the 
name of the intracapsular mechanism of accommodation, are not only 
in complete agreement with the anatomical structure of the lens, but 
also establish and explain the casual connection between this structure 
and the variation of the total index of the lens as proved by the change 
of refraction that occurs when the lens is removed or during the process 
of accommodation. 

The necessary data for the calculation of the schematic accom- 
modating lens, that is, the refracting power of the core lens and the 
positions of the principal points, in terms of the millimetre as unit 
of length, are: 


D;.=0.01496, —H=H’'=0.012566, 
the distances being measured from the centre of the lens, as in the case 
of the lens of the unaccommodated eye. In finding the equivalent core 


lens, it develops that a mathematically exact equivalent is not possible, 
because the principal points of the real core lens are too far apart. 
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The values 
r= —r2=d=2.6551, 


corresponding to the maximum possible interval between the principal 
points of the equivalent core lens, are, however, exact enough for the 
schematic lens, since the difference between these intervals in the real 
core lens and the equivalent core lens does not amount to as much as 
0.007 mm. The combination of the three component systems of the 
lens gives the following data for the entire system, in terms of the metre 
as unit of length: 


D7 =33.,050, 1000n2H ;= — 1000n.H ;’ =1.9419. 


These are the values that are obtained with the real core lens; whereas 
for the equivalent core lens they become 33.056 and 1.9449, respect- 
ively. 

The total index is 1.426 in the exact schematic eye; and is 1.424 
in the simplified schematic eye when the distance between the principal 
points is neglected. 

The table on the following page exhibits the data, side by side, of 
the exact schematic eye and the simplified schematic eye, as calculated 
by the writer on the basis of the equivalent core lens, both for relaxed 
accommodation and for maximum accommodation. The refracting 
powers are expressed in dioptries and the linear dimensions in milli- 
metres. 

Although the exact schematic eye in the passive state has an hyper- 
metropia of one dioptry along the axis, so as to represent the actual 
normal emmetropic eye, this effect of aberration cannot be taken in 
account in the case of the accommodating eye, because the amount of 
aberration under these circumstances has never yet been ascertained. 
However, owing to the pupillary contraction that is concomitant with 
accommodation, the influence of any residual aberration that might 
be present would certainly be considerably reduced.. On the other 
hand, however, a necessary result of the same pupillary contraction 
is to draw the practical near point of the schematic eye rather nearer 
the eye than the exact near point, because the depth of focus has to 
be added in. 

It should be noted with regard to the simplified schematic eye, that 
the difference between the total index of its lens and that of the lens 
of the exact schematic eye as given above is .due to the fact that, in- 
stead of the principal points of the lens, an optical centre is assumed, 
and because in the passive state the effect of aberration is left out of 
account. 
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SCHEMATIC EYE 


Exact Simplified 
Accommo- | Maximum Accommo- Maximum 
dation accommo- dation accommo- 
relaxed dation relaxed dation 
Refractive Index 
Cormeaiancave: Peres Oe eae 1.376 1.376 
Aqueous humor and vitreous body... . 1.336 1.336 1.336 1.336 
BO (cn leper Eb Siete cle WO ca 1.386 1.386 1.413 1.424 
Kquivalent core lens: 2).:...5- 4.5 ++: 1.406 1.406 
Position 
Anterior surface of cornea........... 0 0 0 0 
Posterior surface of cornea.......... 0.5 0.5 
Anterior surface of lens............. 3.6 3.2 
Anterior surface of equiv. core lens ... 4.146 3.8725 
Posterior surface of equiv. core lens... 6.565 6.5275 
Posterior surface of lens............. 122 To 
Opticalicentreiol lenses. riae ean 5.85 5.2 
Radius of curvature 
Auterior surface of cornez........... ae Use 
Post rior surface of cornea.......... §.8 6.8 
Equivalent surface of cornea......... 7.8 7.8 
Anterior surface of lens............./| 10.0 OROoE 10.0 5.33 
Anterior surface of equiv. core lens .. . 7.911 2.655 
Posterior surface of equiv. core lens...)| — 5.76 — 2.655 
Posterior surface of lens.............| — 6.0 — §.33 — 6.0 — 5.33 
Refracting Power 
Anterior surface of cornea........... 48.83 48.83 
Posterior surface of cornea.......... 1 — §.88 — 5.88 
Equivalent surface of cornea......... 43.08 43.08 
Anterior surface of lens............. 5.0 9.375 Untt 16.5 
GCorevlens= epee oke sa ohne 5.985 14.96 
Posterior surface of lens............. 8.33 9.375 12.833 16.5 
Corneal System 
Retracting powerzeme a= 1 pee tes = 43.05 43.05 43.08 43.08 
Position of first principal point....... — 0.0496} — 0.0496 0 0 
Position of second principal point..... — 0.0506} — 0.0506 0 0 
Rirst focalilengthe imran ae arn ae —23.227 | —23.227 || —23.214 | —23.214 
Second focal length................. 31.031 31.031 31.014 31.014 
Lens System 
Refractingspowers ner meee aeee LOM 33.06 20.53 33.0 
Position of first principal point....... 5.678 5.145 5.85 wee 
Position of second principal point..... 5.808 5.255 5.85 5.2 
Focallengths: 2.22420" eee nec ee 69. 908 40.416 65.065 40.485 
Complete optical system of eye 
Refracting power aa .eos (ei ee 58.64 70.57 59.74 70.54 
Position of first principal point....... 1.348 1.772 1.505 1.821 
Position of second principal point..... 1.602 2.086 1.631 2.025 
Position of first focal point..........|| —15.707 | —12.397 || —15.235 | —12.355 
Position of second focal point........ 24.387 21.016 23.996 20.963 
Kirst: tocalilen ethicists eee —17.095 | —14.169 || —16.740 | —14.176 
Second focal length................. 22.785 18.930 22.365 18.938 
Position of Fovea centralis.......... 24.0 24.0 24.0 24.0 
‘Axial refraction:eamn ena name nies — 1.0 — 9.6 0 — 9.7 
Position of near pointesren eerie —102.3 —100.8 
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It would be idle to make a comparison here with previous schematic 
eyes that have been proposed; because although these schemes are 
frequently based on the refracting power of the lens as found by the 
change of refraction after extraction of the lens, the connection between 
the change of shape of the lens and the amount of accommodation is 
usually left entirely out of consideration. The reason of this was 
evidently because it was not possible to construct a schematic eye 
corresponding to the facts without knowing the dioptrics of hetero-- 
geneous media. Merely with respect to the values of the refracting 
power, it should be noted that they cannot be compared directly with 
the data of TscHERNING and his pupils, because the latter did not 
always employ the scientific idea of refracting power, and magnitudes 
as expressed in terms of the dioptry are not commensurable. 

A comparison of the lens system of the exact schematic eye in the 
passive state and for maximum accommodation, as given in Fig. 135, 
indicates, schematically of course, the intracapsular mechanism of 
accommodation that was proved above. 


Fig. 135. 


While this mechanism is well known for the eyes of very young 
people, the best we can do in the case of the lens of people of middle 
age or older is to get an approximate idea of it, because the form of 
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the surfaces of discontinuity in the lens is unknown. As long as the 
lens shows a small axial cleft, as is the case with the eyes of children 
(see the schematic drawing of Basucutn, Fig. 136), the intracapsular 
mechanism will probably remain unaltered, since this cleft must be 
shortened by the tension of the zonule, and its meridional section must 
assume the form of either a small cross or of a radial cleft. If the 
central portions become more homogeneous with advancing age, the 
mutability of form in the centre of the lens begins to decrease, so that 
the maximum change of curvature of the surfaces of the lens cannot 
produce the same increase of the total index. Hence it follows that the 
amplitude of accommodation begins to decrease before the change 
of curvature of the surfaces of the lens influences the changes in the 
core. As soon as the central portion becomes less mobile, strains 
must arise during the changes of shape, and these lead to the formation 
of surfaces of discontinuity. This is proved by the doubling of the 


Fig. 136. 


reflex image that occurs in the posterior surface of the lens, as recently 
described by ZEEMAN.' This phenomenon, as was stated above, may 
be observed in many senile lenses by looking in a direction nearly 
along the equator of the core, but it was erroneously attributed by 
ZEEMAN himself to a supposed posterior lenticonus. The investigations 
of ApaMUK and Wornow? have shown that the change of curvature of 
the surfaces of the lens, at least of the anterior surface, is finally checked 
by increase of sclerosis of the core. 


1W. P. C. Zeeman, Uber die Form der hinteren Linsenfliche. Klin. Monatsbl. f. 
Augenheilk. XLVI. 1908. S. 83. s 


2 Loe. cit. 
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In the investigation of the extracapsular mechanism of accommoda- 
tion it is well first to review the known facts that have been ascertained 
for the human eye. 

Next to the change of curvature of the surfaces of the lens and the 
increase of thickness of the lens, HELMHOLTZ attached most importance 
to the contraction of the pupil accompanying accommodation. It has 
been a question of debate whether this phenomenon is associated with 
accommodation or with convergence of the lines of vision. Concerning 
this, clinical observations on eyes in which accommodation was com- 
pletely paralysed as a result of diphtheria have shown, that contraction 
of the pupil occurs in convergence, and that accommodative contrac- 
tion of the pupil may be unhampered when convergence is absent. 
It seems most probable that the three innervations are associated with 
one another and are released by the impulse for clear vision of near 
objects. (Simply because the pupil becomes contracted by mechani- 
cal means when the anterior chamber is drained is no reason for in- 
ferring, as TSCHERNING does, that the contraction of the pupil in ac- 
commodation is produced by mechanical means.) The function of the 
contraction of the pupil during accommodation is to be seen in the 
increase of the depth of focus, since the changes of accommodation 
requisite for seeing near objects are essentially diminished by the in- 
creased depth. This has nothing to do with aberration, as will be shown 
further on. What advantages this contraction of the pupil offers, might 
have been better understood before the invention of spectacles, be- 
cause in those days it afforded the only recourse against normal 
presbyopia. 

The best way at present to observe the changes in the form of the 
anterior chamber during accommodation is with the binocular magnify- 
ing glass invented by Czapsxi. The experiments described by HELM- 
HOLTz do not always give positive results, for reasons presently to 
be discussed. In the stereoscopic image obtained with the instru- 
ment above mentioned, it is easy to establish definitely not only the 
protrusion of the central parts, but also (at least in the case of young 
people with sufficient accommodation) the recession of the periphery. 
The latter effect is a necessary consequence of the former, since the 
volume of fluid contained within the anterior chamber cannot be re- 
duced by flowing over into the posterior chamber on account of the 
physiological adherence of the iris to the anterior surface of the lens 
capsule. But the periphery of the iris does not move as much as the 
centre, because the fluid that escapes from the central region takes 
up in the periphery a space of larger diameter and consequently of 
less thickness. This does not indicate that the mechanism of the peri- 
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pheral increase of depth of the anterior chamber assumed by HeuM- 
HOLTZ may not function, but simply that it might be superfluous for 
this particular purpose. That his mechanism is certainly not sufficient, 
is demonstrated by one of ULpricn’s cases,'in which there was a small 
hole in the iris covered bya thin membrane which was invaginated 
during accommodation. As the decrease in capacity of the anterior 
chamber produced by the protrusion of the central part of its posterior 
wall is compensated by the recession of the peripheral portions of the 
iris, a dilatation of the pupil must result if the superficial area of the 
iris remains the same; or, to express it differently, the mechanical effect 
on the tris of the change of form of the lens during accommodation is to 
widen the pupil. In confirmation of this, sudden traumatic decrease 
of space in the anterior chamber results either in the tearing loose of 
the iris from its attachment or in its prolapse, if it has had time to 
relax. 

The contraction of the entrance-pupil in accommodation does not take 
place concentrically. This was demonstrated in the early days of oph- 
thalmometry, both by Knapp? and by Apamtxk and Wornow,’ whose 
work was done under the direction of HEtmHoLTz. They found that 
there was invariably a shifting of the centre of the pupil to the nasal 
side during accommodation. As the ophthalmometer was set up on 
the axis of the osculating ellipse in these observations, so that the 
centre of the entrance-pupil was on the nasal side of this axis, this 
eccentrical contraction of the entrance-pupil could not be attributed 
to the asymmetry of the cornea; but there might be a very great prob- 
ability that the anatomical pupil behaved in the same way. Even if 
this were not the case, it is easy to understand how the entrance-pupil 
must show a decentration with respect to the line of sight. For, of two 
rays parallel to the line of sight directed towards the nasal and tem- 
poral ends of the horizontal diameter of the entrance-pupil, the former 
meets the cornea at a greater angle of incidence than the latter. The 
apparent shifting due to refraction increases with the size of the angle 
of incidence and with the distance of the point of incidence from the 
plane of the pupil. Owing to the oblique incidence of the line of sight 
and on account of the asymmetry of the cornea, both the angle of 
incidence and the distance of the point of incidence from the pupillary 
plane will vary asymmetrically with changes in the size of the pupil; 
which is the same as saying that the entrance-pupil cannot expand and 


‘H. Utsricn, Zur Lehre von der intraokularen Flissigkeitsstrémung. Ber. tiber die 
34. Vers. d. Ophth. Ges. Heidelberg 1907. S. 105. 

* Loe. cit. 

3 Loe. cit. 
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contract concentrically, if this is what happens in case of the anatomical 
pupil. In confirmation of this, the angle of incidence of the line of sight 
varies with the size of the pupil, as was noted above. The same condi- 
tion occurs in contraction of the pupil during accommodation, as the 
writer has verified by special investigations. 

For a definite line of sight, accommodation is often accompanied 
by a change of the direction of the optical axis of the eye. If the experi- 
ment, described by HrELMHOLTz in connection with Fig. 60, is performed 
with an ophthalmometric Nernst lamp with vertical slit, the lamp, 
however, being placed far enough back for the light to fall on the inner 
surface of the sclera in front of the point of origin of the iris, the small 
spot of light will be observed to be rather farther back in accommoda- 
tion than it is with accommodation relaxed; provided the eye is made 
to look past a needle-point fixed 10cm away at a more distant point, 
and provided also the subject understands that, whether he is fixating 
on the distant point or on the needle, he must get a sharp image. It is 
impossible to follow the movement, because the eye executes lateral 
movements during the change of focus, but the change in position of 
the bright spot may be gauged by its altered distance from the corneal 
limbus. There is a slight movement of the eye towards the temporal 
side during accommodation. This motion, along with the shifting of 
the pupil in the nasal direction, may clear up the confusion that in 
many instances renders it difficult to harmonize the results of Hnum- 
HOLTz’s two experiments concerning the change of shape of the an- 
terior chamber during accommodation. 

A partial explanation of these experiments may be found by the 
laws of imagery of the first order. If one tried to explain the pheno- 
menon on the basis of the erroneous notion of the meaning of the nodal 
points, exactly the opposite conditions would have to be present. For 
the nodal points move forward during accommodation, and then the 
line of sight makes a smaller angle with the optical axis of the eye. 
Consequently, the eye would have to move towards the nasal side if 
the line of sight were unaltered. But not only observation itself, but 
exact mathematical investigation of the procedure of the line of sight, 
shows that what happens is the reverse of this. Suppose the abscissae 
of the principal points of the optical system of the cornea are denoted 
by h., h.’ and those of the optical system of the whole eye by h, h’; 
and the corresponding refracting powers by D, and D, respectively. 
Moreover, let d, p, p’ denote the abscissae of the centres of the pupil 
of the eye, the entrance-pupil, and the exit-pupil, respectively; and 
let x denote the magnification-ratio with respect to the entrance- 
pupil and exit-pupil. Finally, let n denote the index of refraction of 
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the acqueous and vitreous humors. Then the positions of the pupils 
and the magnification-ratio can be found by the following formulae: 
1 1 ‘—h! 
Es Sie AUS GT Ne ae ad Ny Mince See 

d—h.’ p—h-. p'—h’ p-h 
The distance of the fovea (denoted by /) being projected from the axis, 
the angle between the line of sight and the optical axis is found by using 
the reduced coefficient of angular projection. As this is equal to the 
reciprocal of the magnification-ratio, that angle is directly proportional 


to see the value of which in the exact schematic eye is 44.67 with 


relaxed accommodation, and 45.25 for maximum accommodation; and 
in the simplified schematic eye 44.7 with relaxed accommodation, and 
45.1 for maximum accommodation. Thus, in accommodation there 
is an increase of the angle between the line of sight and the optical 
axis, and, consequently, for a constant line of sight there must be a 
movement of the eye towards the outside in accommodation. However, 
the amount of this movement might not be sufficient for it to be per- 
ceived in the manner mentioned. On the other hand, in the accom- 
modative changes of the asymmetry-values along the line of sight, to 
which we shall refer again in the proper chapter, lies the cause of a 
movement of the eye which may be added to that just discussed. 

In case of a strong innervation of accommodation the tension of 
the zonule 1s diminished, and a decentration of the lens occurs in the 
direction of gravity. Cocctus! had described the oscillations of the 
image in the posterior surface of the lens; and TscHERNING? had noted 
a downward displacement of this image. Neither of them, however, 
understood the real cause of the phenomenon. The oscillations were 
supposed to be due to action of the ““Musculus tensor choroideae,”’ and 
the connection between the displacement and gravity was not dis- 
covered. A strictly scientific explanation and definite solution of this 
problem was given first by Huss.’ In the case of a small granular spot 
in his lens, he verified an entoptical parallactic movement of it towards 
the pupil, by exertion of maximum accommodation. A very small 
hole, set up 12 mm in front of the eye, served as the source of illumina- 
tion. With vigourous effort of accommodation, towards the end of the 

1A. Coccius, Uber die vollstiindige Wirkung des Tensor chorioideae. Ber. d. VII. 


intern. Ophth.-Kongr. Heidelberg 1888. S. 197. 

* Théorie des changements optiques de |’ceil pendant l’accommodation. Arch.de physiol. 
VII, 1. 1895. p. 181. 

°C. Huss, Uber einige bisher nicht gekannte Ortsveranderungen der menschlichen 
Linse wihrend der Akkommodation. Ber. tiber die XXV. Vers. d. Ophth. Ges. Heidelberg 
1896. S.41. Also: Arbeiten aus dem Gebiete der Akkommodationslehre. Arch. f. Ophth. 
XLII, 1. 8. 288 and 2.8. 80. XLIII, 3. S. 477. 
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time when the pupil was contracting, the spot on the lens as seen ent- 
optically had an upward displacement in the blur circle. Now this dis- 
placement invariably occurred in a direction opposite to that of gravity, 
no matter how the head was held, provided the pupillary plane was 
vertical, whereas, when the pupillary plane was horizontal, without 
changing the position of the far point, there was an increase of the 
amplitude of accommodation when the head was bent forwards, and 
a decrease when it was bent backwards. The first experiments proved 
that with strong accommodation, the spot on the lens was displaced 
with respect to the pupil in the direction of gravity; and the last 
experiment showed that this is the case with the entire lens. That 
the entire lens sunk in the first experiment, was shown objectively 
by the opacities present in the lens. Hrss went on to show that, when 
a powerful effort of accommodation is being made, the lens shakes 
with movements of the eye (indeed, in many people the iris can be 
seen to share this trembling); and that both the sinking of the lens 
sagittally in the frontal plane and its trembling are increased by the 
use of eserin. If the eserin drops are instilled after dilatation of the 
pupil by homatropin, the process of accommodation can be observed 
through the large pupil in the early stages of the action of the eserin. 
In the reflex images in the lens the appearance is quite different; only 
the one in the posterior surface appears to tremble and it either sinks 
by itself or more than the reflex image in the anterior surface. HrEss 
pointed out that the lens may sink down without any dislocation of 
the reflex image in the anterior surface, because the apparent position 
of the centre of curvature may be relatively unaffected by the move- 
ment. That the sinking of the lens must actually occur in just this 
manner, is a consequence of the anatomical structure of the zonule, 
as will be explained below. Huss! has also shown that sinking of the 
anterior surface of the lens may be observed by means of the marking 
of the epithelium, which is visible with the Czapsx1 magnifying glasses, 
inside the reflex image in this surface, and also that the anterior surface 
shares in the trembling in cases where there are little isolated points 
on it that can be watched. 

For strong, arbitrary accommodation, the results of the entoptical 
measurement of the sinking of the lens were from 0.3 to 0.35 mm. If 
the head were turned from the right to the left shoulder, the accom- 
modating lens was shifted by twice this amount, and under strong in- 
fluence of esserin by almost 1 mm. When the head is moved down- 
wards from above, the lens was displaced forwards 0.15 mm. The 


1 Beobachtungen iiber den Akkommodationsvorgang. Alin. Monatsbl. f. Augenheilk. 
XLII. 1904. S. 1. 


400 Dioptrics of the Eye (341. G. 


earlier measurements have been confirmed by Hen! by measuring 
the apparent shifting of visible objects that occurs with decentration 
and the parallax of the reflex images in the posterior surface of the lens 
and in the cornea. 

The mobility of the lens under great strain of accommodation proves 
unequivocally that there is no difference of pressure on its two surfaces 
in the accommodating eye; whereas in the passive state a slight dif- 
ference of pressure is possible corresponding to the tension of the zonule. 
Any increase of pressure in the vitreous body and in the anterior cham- 
ber due to accommodation is excluded a priori by reason of the viscos- 
ity of the fluids. For in order for the tension of the choroid to produce 
an increase of pressure during the act of accommodation, the supra- 
choroidal space would have to be replenished without hindrance. Also, 
according to the investigations of Hess and Herne? referred to above, 
no increase of pressure can be observed. In the case of a freshly 
enucleated child’s eye, Herne’ succeeded in verifying an earlier ob- 
servation of Brrr which showed that the mechanism of accommoda- 
tion goes right on unhindered by a fenestrated sclera and without the 
slightest movement of the drops of vitreous humor that had welled 
up through the openings of the sclera. 

Direct observations as to the movement of the ciliary processes in 
accommodation cannot be made, of course, on the normal uninjured 
eye, though they may be made in many instances following an 
iridectomy or in traumatic or congenital irideremia. With the use of 
eserin, Hess‘ verified a forward movement of the ciliary processes in 
iridectomised eyes in which they moved out in front of the equatorial 
plane of the lens. And in a case of congenital irideremia, GRoSSMANN® 
succeeded by means of eserin in seeing ciliary processes that were 
before invisible, but he conceived the shifting as taking place in a direc- 
tion towards the axis of the eye, and not towards the cornea. The dif- 
ference is not of fundamental importance for the mechanism of accom- 
modation and might perhaps be due to an anomalous topography of the 
ciliary muscle in GRossMANN’s case, or to the fact that an iridectomy, 
which extends far enough peripherally to make the ciliary processes vis- 
ible, must involve the origin of the iris in the ciliary body, so as to affect 


1L. Heinz, Akkommodative Ortsverinderungen der Linse. Ber. tiber die XXVI. Vers. 
d. Ophth. Ges. Heildelberg 1897. S. 20. 

*C, Hess und L. Here, Arbeiten aus dem Gebiete der Akkommodationslehre. Arch. 
f. Ophth. XLVI, 2. 8. 243. 

3 Hin Versuch tiber Akkommodation und intraokularen Druck am tiberlebenden Kinder- 
auge. Arch. f. Ophth. LX, 3. 1905. S. 448. 

‘Loe. cit. Die Refraktion und Akkommodation usw. S. 222. 

* Kart Grossmann, The mechanism of accommodation in man. Ophth. Review. XXIII. 
1904. p. 1. 
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the mechanical movement of the ciliary processes by the operation. 
(In GRossMANN’s case the trembling began after the administration 
of the eserin drops, and the changes in form of the lens during ac- 
commodation could be confirmed. An excessive increase of thickness 
and an unusual shortening of the equatorial diameter of the lens, 
together with a displacement of it upwards and inwards, however, cause 
one to wonder whether the lens and zonule were normal. The lens 
showed granular opacities at both poles.) 

The edge of the lens has been observed to become broader in the 
iridectomised eye during accommodation and after the administra- 
tion of drops of eserin, but no definite conclusions can be drawn from 
this fact. Up to the present time, nothing positive is known as to a de- 
crease in the equatorial diameter of the normal lens during accom- 
modation. According to Hzss, the margin of the lens in an eye treated 
with atropin usually appears as a delicate wavy irregular line; whereas, 
after the introduction of eserin drops, the line is regular and more like 
a circle. Low swellings and tent-like protuberances, which may be 
seen in the eye, treated with atropin in the region of the point where 
the zonule fibres are attached to the capsule, may disappear or become 
less prominent after the infusion of eserin. 

Except for CzERMAK’s phosphene of accommodation, all the changes 
during accommodation that have been observed in the living eye have 
now been duly considered. The phosphene may be due to a mechanical 
stimulation of the retina on account of the sudden decrease in the ten- 
sion of the choroid in rare and especially sensitive eyes. 

The dynamics of the contraction of the ciliary muscle was explained to 
a very great extent by the investigations of HmaNsEN and VOLCKERs.' 
Inasmuch as most of the muscle fibres (the meridional bundle) run 
almost parallel to the sclera, the most important question is, whether 
the contraction wave passes from the posterior end forwards or from 
the anterior end backwards. It has been demonstrated that, if a needle 
is inserted at the equator of the eyeball of a dog, electrical stimulation 
of the ciliary muscle causes the outer end of the needle to move back- 
wards, and that there is no place where the needle can be inserted that 
makes it move forwards. The inference is that the contraction of 
the ciliary muscle causes the anterior portion of the choroid to move 
forwards, and that no point of the choroid moves backwards during 
contraction. The forward movement of the inner coats of the eye may 
also be observed through a window in the sclera. On the other hand, 
if all the cornea is removed except a peripheral border 2 mm wide, 
electrical stimulation of the ciliary muscle is accompanied by a back- 


1V. Hensen und C. Voucxers, Experimentaluntersuchung tiber den Mechanismus der 
Akkommodation. Kiel 1868. 
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ward movement of this border, thus indicating that what is known in 
anatomy as the anterior point of origin of the muscle behaves physio- 
logically as such. Moreover, the relaxation of the zonule on contrac- 
tion of the ciliary muscle is definitely established. The mechanism of 
accommodation of a dog is different in some respects from that in man. 
Thus, Hess and Hetne! showed that the contraction of the ciliary 
muscle produces only a slight change of the optical focusing of the eye. 
Consequently, Hrtnxr’s? microscopic examination of specimens fixed 
in the act of accommodation, first for doves and then for monkeys,’ 
constitutes a valuable addition to our sources of information. The 
latter investigation illustrates in the most clear-cut manner the function 
of the muscular fibres which are attached to the strictly meridional 
bundles and which in the anterior inner portion have a more radial 
course. Were it not for them, the increase of thickness of the muscle 
during contraction would result in a component acting towards the 
centre of the eyeball; whereas the attachment of this bundle to the 
inner surface of the meridional bundles of fibres causes the resuitant 
of the shortening and thickening to act on the inner surface of the 
ciliary body in the direction of the tangent to it. In the first case, a 
cross section of the muscle would have a radial direction, but, in the 
actual anatomical arrangement of the muscle bundle, the line that 
cuts orthogona'ly the fibres which are in a meridional section, is 
represented by a circle as a first approximation, with its centre in the 
vicinity of ScHLEMmM’s canal. The component corresponding to the 
increase of thickness coincides at every point with the tangent to this 
circle, which in turn, except for the most posterior and thinnest parts 
of the muscle, forms everywhere an acute angle with the inner surface 
of the ciliary body. Another thing to be noted here is that the full 
increase of thickness is towards the inner side, because the sclera lies in 
contact with the outer surface, and that its effect is increased by its 
concave shape. If a ring-shaped portion of the ciliary body can be 
imagined, the diameter of this ring must be diminished by a movement 
forwards and inwards, and the ring must become correspondingly 
thicker, even if*none of the fibres in it are thickened. Hence, the total 
action of the meridional and radial fibres, which indeed form one com- 
mon system, is to produce a relatively uniform displacement of the 
inner surface of the ciliary body in the direction of its tangent; whereas, 
if there were nothing but meridional fibres, the posterior portion would 


1 Loe. cit. Arch. f. Ophth. 1898. . 
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be shifted more than the anterior, and the effect would necessarily be 
offset by the increase in thickness. These relations, which are a 
mathematical necessity of the anatomical structure of the ciliary 
muscle, are illustrated in Figs. 137 and 138, reproduced from HEINE. 
That the circular fibres, if present, will act in harmony with the 
others, is what might be expected. Inasmuch as they lie on the 
inner anterior angle, their contraction can only produce a component 
at this place directed towards the axis; which will cause a rotation 
of the resultant in the same sense as the tangents to the meridional 
fibres will have to be rotated in order to become parallel to the 
tangent to the inner surface of the ciliary body. Whether this muscle 
exists or not, is therefore of secondary importance. The bundles 


Fig. 137. 
Ciliary muscle not contracted. 


of the main mass of the muscle do not lie exactly in the meridional 
plane, but are interlaced and bend back both at their posterior end in 
the choroid and at the anterior inner angle. Thus, the impression of 
a circular muscle may be gained much more readily when the fibres 
are not stretched. In accordance with this, many more oblique sec- 
tions are to be seen in the ciliary body during accommodation than 
when it has been treated with atropin. The illustrations also show the 
opening of ScuLemm’s canal and the widening of the angle of the 
anterior chamber during accommodation. Since the most anterlor 
radial fibres insert on the inner side of the canal, this action on the 
canal is as easy to understand as the combined action of the circular 
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and radial fibres. To just how great an extent the enlargement of the 
anterior chamber is produced by the contraction of the ciliary muscle, 
cannot be readily explained at the present time, inasmuch as the ten- 
sion of the iris during the act of accommodation, as proved by UL- 
BRICH’s case, must act in the same direction. 

Very recently Hxss! published new results of comprehensive studies 
of the mechanism of accommodation. These have shown, in the first 
place, that accommodation in reptiles and birds takes place in an 
essentially different way; for the peripheral portions of the anterior 
surface of the lens are flattened by the pressure of the intrinsic mus- 
culature on the part of that surface in front of the equator, whereas the 


Fig. 138. 
Ciliary muscle contracted 


portions around the anterior pole become more highly curved, so that 
in the enucleated eye an accommodative increase of pressure takes 
place. The shifting forward of the anterior portion of the choroid 
can be easily seen for some time after enucleation by cutting the eyeball 
in half along the equatorial plane and watching the movement from 
behind; it occurs in a manner similar to that found in mammals. 


1C. Hess, Untersuchungen zur vergleichenden Physiologie und Morphologie des 
Akkommodationsvorganges. Arch. f. Augenheilk. LXII. 1909. S. 345. — Vergleichende 
Untersuchungen iiber den Einfluss der Akkommodation auf den Augendruck in der Wirbel- 
tierreihe. Ibid. LXIII. 1909. S. 88. — Also, from personal communications to the writer 
presumably to be published before the appearance of the first volume of the third edition 
of HetmHottz’s Phys. Opt. 
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At last Hess succeeded also in fixating the act of accommodation 
in the human eye, with two patients just before death, by using 
eserin in one eye and atropin in the other. In one case, the eyes were 
enucleated ninety minutes after death and hardened for eighteen hours 
in formalin. In the other case, they were enucleated twelve hours 
after death and studied fresh. After sectioning in the equatorial 
plane, it was shown, by observation and measurements from the side 
of the vitreous humor, that both the diameter of the lens and the 
diameter of the ring formed by the summits of the ciliary processes 
were smaller, and the notching of the edge of the lens less noticeable, in 
the eye treated with eserin than in that treated with atropin. 

The form of the lens is influenced by the ciliary muscle through the 
medium of the zonule. The fibres of the latter arise over the entire 
inner surface of the ciliary body as far as the ora serrata, so that they 
appear to cross through it, because the bundles passing to the anterior 
and posterior surfaces of the lens alternate. As a rule those going to 
the anterior surface, originate more to the back and in the depressions 
between the cilliary processes, while those going to the posterior sur- 
face of the lens and to the equator arise more to the front and on the 
summits of the processes. As a result of this arrangement, the bundles 
of the zonule passing to the anterior surface of the lens, during the 
contraction of the ciliary muscle, make greater excursions on the 
average in their long direction than the others do, because, whereas the 
former lie in the direction of the movement, the latter make an angle 
with it. This condition is particularly clearly illustrated in Fig. 139 
reproduced from Rerzius. Indeed, it is possible to decide by this 
figure that the bundles arising farthest forward and passing to the 
posterior insertion point on the lens are not noticeably relaxed by the 
contraction of the ciliary muscle, but merely act in a new direction; 
whereas when the bundles attached to the anterior surface of the lens 
are relaxed, the points of insertion on the capsule of the lens can move 
in the direction of their tangents to an extent which must be approxi- 
mately as much as the movement of the posterior portion of the inner 
surface of the ciliary body. 

What change of form the anterior surface of the lens will undergo 
on relaxation of the anterior fibres of the zonule, no one can say 
a priori, except that it is certain that the curvature of the central por- 
tions must increase. But whether the entire form tends then to become 
more spherical or hyperbolical, defies conjecture at the present time. 
It is a fact that a closed elastic membrane containing such a large 
volume of an incompressible, freely mobile substance that it does not 
get limp even while it is still spherical, tends to return to the form of a 
sphere after each deformation. But these conditions do not occur at 
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all in the case of the lens, as is shown by the form of a young person’s 
lens when it is freed from its attachments. This being the state of 
affairs, when the anterior fibres of the zonule are relaxed, the form of 
the anterior surface of the lens depends on the size of the surface and 
the elasticity of the capsule of the lens, and on the distribution of ten- 
sion in it, which can neither be calculated nor estimated. Hence, it is 
indeed quite possible that the peripheral portions of the anterior surface 
do become flatter in accommodation, as Brsro! thought he had proved; 


Fig. 139 (reproduced from RErztius). 


1, lens—gl, vitreous humor—gr, anterior boundary layer—o, orbicular space—, iris 
root—a, short, strong fibrous attachments of the posterior ligament of the zonule—, fibres 
of the zonule arising behind from the hyaloid membrane—c, fibres of the zonule arising 
anteriorly from the ciliary processes—d, fibres of the zonule arising from the ciliary processes 
which cross the ligaments of the zonule and partly attach to them—e, space between the 
capsule of the lens and the pericapsular membrane. 


although in the writer’s opinion it cannot be considered as proved, 
because the approximate methods of calculation may involve consider- 
able sources of error, and the methods of measurement were not very 
accurate anyhow. Moreover, his measurements appear to have been 
made on eyes dilated with cocaine, which might influence the mechanics 
of contraction of the ciliary muscle even if the amplitude of accom- 
modation were not reduced. 


1 Loc. cit. 
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Since during contraction of the ciliary muscle the fibres of the 
zonule passing to the anterior surface of the capsule are relatively 
more relaxed than the others, the useful surface of attachment on both 
the lens and the ciliary body continually shrinks, because it contracts 
to the equatorial and posterior points of attachment on the lens and 
to the anterior parts of the ciliary body. It is just this mechanism 
which the writer has tried to represent schematically in an intentionally 
exaggerated way in the contours of the lens surfaces in Figs. 133 and 
134. The indicated change of accommodation would correspond to a 
complete relaxation of the fibres of the zonule proceeding to the anterior 
surface of the lens and to a forward shifting of the ciliary points of 
attachment of the other fibres. The writer dees not suppose that the 
lens has just this form in maximum accommodation. For if the relaxa- 
tion of those fibres is not complete, the result of the mechanism may 
very well be a somewhat bent form; and if the fibres passing to the 
equator of the lens are already appreciably relaxed, a decrease in the 
equatorial diameter may occur. Perhaps, too, the equatorial portions 
of-the lens should be more rounded in both the relaxed and contracted 
condition of the zonule than is shown in the figures, because the fibres 
of the zonule are inserted superficially on the lens. But that the 
bundles proceeding from the anterior portion of the ciliary body to the 
equator and to the posterior surface of the capsule, are the last to be 
relaxed, may be inferred from the mode of the sinking and trembling 
of the lens under maximum effort of accommodation. For this is the 
only reason why during these motions the lens turns around an axis 
that passes approximately through the centre of curvature of the 
anterior surface, so that the veflex image in this surface is practically 
motionless. This means, for example, that part of the margin of 
the lens which approaches the optical axis during the displacement of 
the lens must be inclined forwards by an accurately functioning 
mechanism; and there is no other mechanism except the tension of the 
fibres above mentioned that could function in this way. This implies 
that these fibres are the least relaxed. 


Thus, anatomical and physiological investigations prove beyond 
doubt, that, with contraction of the ciliary muscle, the ciliary point 
of origin of the fibres of the zonule, particularly of those going to the 
anterior surface of the lens, is displaced towards the lens in the direction 
of the bundle; until, when the contraction is greatest, there is a relaxation 
of the zonule; and that this contraction is accompanied by an increase of 
the thickness of the lens and of the curvatures of its surfaces, especially of 
the anterior surface. Since the*relaxation of the zonule does not begin 
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until the contraction is greatest, it must be kept under tension during 
normal contraction by an axipetal movement of the points of insertion 
on the lens, especially of those on the anterior surface. Since there is 
only one force present which can maintain this tension, namely, the 
elasticity of the lens capsule, the extracapsular portion of the mechanism 
of accommodation consists essentially in an axipetal movement of the 
points of attachment of the zonule on the lens, especially on the anterior 
surface, this movement being due to the elasticity of the lens capsule. 

The dioptric investigation of the process of accommodation has 
shown that an intracapsular mechanism of accommodation is a mathe- 
matically necessary consequence of the change of form and of the 
increase of refracting power. Also, in accordance with the histological 
structure of the lens, it demands an axipetal movement of the portions 
of the substance of the lens that are nearest to the points of attachment of 
the zonule, particularly on the anterior surface, and that are contained 
within the greatest closed 1so-indicial surface. 

Moreover, taking into consideration that there are no known ants 
which could in any way refute this mechanism (see the discussion of 
TSCHERNING’s theory presently), it is doubtful whether there is a more 
complete chain of proof in all the medical sciences. Modern investiga- 
tions have established that the theory of the mechanism of accommoda- 
tion remains unchanged, in all essential features, just as HELMHOLTz, 
by a real inspiration of genius, considering the state of knowledge of 
that time, conceived it. 

In the light of the modern theory of antagonistic action, what is 
known as double antagonism is of particular physiological interest. 
The form of the lens is determined by two antagonistic elastic forces; 
and at the same time the muscular force and the stronger of the two 
elastic forces act antagonistically. Now it is readily seen that this 
arrangement is beautifully adapted to protect the lens from the action 
of too strong external forces and from sudden variations of these 
forces. The force that produces the change of form of the lens in 
accommodation is the weakest of the three that are present in the 
system, and, like all elastic forces, constantly diminishes during the 
development of its effect, so that the movement terminates without 
any jerk, and the potential energy accumulated can never exceed a 
certain maximum amount dependent on the elasticity of the zonule. 
This effect is promoted still more by the fact that, with increasing 
contraction of the ciliary muscle, the elastic resistance of the choroid 
is reduced by its stretching. In the relaxation of accommodation, the 
greatest force in producing the change of form depends then on the 
elasticity of the choroid, and this force diminishes steadily during the 
movement, and at the same time the resistance of the lens capsule is 
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continually increased by dilatation. The advantages of this arrange- 
ment may be easily demonstrated by 

mechanical models. For example, one of 

them is shown in Fig. 140. The two 

springs are united by a cord which 

represents the zonule. The upper one 

represents the lens, its shortening cor- 

responding to the change of form during 

accommodation, and its force indicating 

the elasticity of the lens capsule. The 

lower spring illustrates the elasticity 

of the choroid, and the tension of the 

chord passing over the pulley, produced 

by putting weights in the pan, cor- Fig. 140. 

responds to the force of the contracting 

ciliary muscle. The upper spring must be the weaker of the two, and 
must not be stretched enough for the connecting cord ever to get 
slack when the pan reaches the level of the table. Obviously, the 
upper spring cannot be injured by suddenly throwing the heaviest 
weights into the pan, nor is it in the least danger from a sudden re- 
moval of the weights, provided the height of the fall is not too great 
and the lower spring not too strong. On the other hand, supposing we 
wished to illustrate a fictitious mechanism of accommodation where 
the accommodative change of form would be produced by muscular 
action and the recovery by the elasticity of the lens capsule, the pan 
should be hung directly from the lower end of the upper spring; and 
then the elongation of the spring would correspond to the change of 
form of the lens in accommodation. In this arrangement the spring 
might be injured by a sudden addition of heavy weights. Of course, 
this could be avoided by suitable adjustment of the height of fall, and 
in this way it might be possible for the lens of a young person to be 
protected by this fictitious mechanism of accommodation. However, 
this means of protection would fail with decrease of ability of the 
lens to change its form, which could be represented by exchanging the 
spring for a more brittle one. Every strong tendency to accommoda- 
tion would result in a jerk on the structure of the lens, any sudden 
heavy loading of the pan would produce a breaking of the spring. 
When it is realized that opacities can originate in a previously entirely 
transparent lens of an older person as a result of an insignificant 
mechanical force, such as slight draining of the chamber in an iridec- 
tomy, one is disposed not to underestimate the protective arrangement 
provided by the double antagonism of the forces acting in accommodation. 
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Since the contraction of the ciliary muscle is accompanied by a 
change of form of the lens merely until, in consequence of the shifting 
of the parts of the lens, this change reaches its maximum extent, where- 
as the muscle itself, as we know from the pupillary contraction and 
the trembling that occurs in the end, may be contracted beyond this 
point; therefore only a part of the contraction of the ciliary muscle is 
manifest, the rest is latent. According to Hess, the transition begins 
when the actual near point is reached, whereas, during the latent 
contraction of the ciliary muscle, there is merely a small apparent 
displacement of the near point further towards the eye, which depends 
on the concomitant contraction of the pupil.! Consequently, an 
accommodation of two dioptries, at an age when this is all the power of 
accommodation available, does not make any higher demands on the 
ciliary muscle than the same amount of accommodation at a younger 
age. This is a very important fact for the symptomatology of pres- 
byopia; but in connection with it the contraction of the pupil due to 
latent contraction of the ciliary muscle, especially if the habitual 
size of the pupil is not very small, is another factor to be taken into 
account, because this by itself often decoys an uncorrected presbyope 
into trying to accommodate beyond his strength. Huss called atten- 
tion to another important consequence of the mechanism of accom- 
modation, namely, that we have the right to conclude from a normal 
amplitude of accommodation that the action of the ciliary muscle is 
normal also, because a paresis of the ciliary muscle does not become 
apparent until the restriction of movement extends to the region of 
manifest contraction. So far as physiological optics is concerned, this 
fact is significant as showing, as was remarked before, that TscuERN- 
ING’s opinion, as to the performance of the ciliary muscle not being 
impaired by cocaine, cannot be proved by its effect on the amplitude of 
accommodation, and therefore is without any basis at present. 

There has been quite a lot of discussion in ophthalmological 
literature of an astigmatic accommodation. Without going into this 
subject in detail, it may simply be stated that no known facts indicate 
the possibility of a voluntary change of astigmatism by accommoda- 
tion or by the practice of astigmatic accommodation. However, it 
may be possible that the normal inverse lenticular astigmatism or the 
lenticular astigmatism that is present in the higher degrees of ocular 

1 The physical or manifest near point (what is usually meant by the “near point of 
the eye’) is the point that is conjugate to the point where the optical axis meets the retina 
when the surfaces of the crystalline lens are most curved, the zonule being relaxed. The 
physiological or latent near point (whose position cannot be ascertained by any method at 
present available) is the point on the optical axis for which the eye would be focused when 


the ciliary muscle is contracted to its utmost power, supposing there were no limit to the 
effort of the crystalline lens to become spherical. (J. P. C. S.) 


G. 349, 350.] IV. Mechanism of Accommodation 411 


astigmatism may be altered to some slight extent by the accom- 
modative change of form of the lens. But there is.no sufficient evidence 
to show that this actually happens. Owing to the frequent occurrence 
of vertical asymmetry of the eye, whereby the apparent amount of 
astigmatism may change with the size of the pupil, it would probably 
be very difficult to obtain the data necessary to prove that anything 
of this sort does take place. 

After what has been stated in the preceding argument, an exhaus- 
tive criticism of the various hypotheses that have been proposed since 
HELMHOLTz’s discovery of the mechanism of accommodation might 
seem to be superfluous, because they all presuppose a tension of the 
zonule during accommodation, and therefore have been actually refuted 
by Hess’s investigations. Hypotheses have been framed by Mann- 
HARDT,’ ScHOn? and TscHEerNInNG; and TscHERNING’s theory has 
stirred up so much controversy and been responsible for so many 
contributions to the literature of the psychology of science (in the 
broadest sense of the word), that a brief discussion of it seems to be 
advisable. As it has already passed through two essentially different 
phases and appears now to be about to enter a third, the best plan is to 
take up the first and better known of these phases first; and for that 
purpose let us consider TsCHERNING’s own presentation of his theory 
as given in his text-book on Physiological Optics, which has been re- 
ferred to above. The hypothesis consists essentially of three proposi- 
tions, namely, (1) the assumption that accommodation consists in a 
temporary formation of a ‘‘enticonus anterior,’ (2) the assumption 
that the tension of the zonule produces a structure of this kind, and (3) 
the assumption that the tension of the anterior fibres of the zonule 
may be produced by the contraction of the ciliary muscle. 

The basis of the first assumption is the argument, that the aberra- 
tion of the eye during accommodation varies in sign, that the refracting 
power increases more at the centre of the pupil than it does at the 
periphery, and that the distortion of the reflex images in the anterior 
surface of the lens is correspondingly altered by accommodation. 
But the aberration was investigated by unreliable methods. The 
writer has shown that the aberroscope does not give the aberration but 
a distortion value. The distribution of the light in the blur circle as 
described in TscHERNING’s experiment with the luminous point is 
such that by the nature of the caustic surface it could not possibly be 
due to aberration, although it might be an interference phenomenon of 


1 J. Mannuarpr, Bemerkungen iiber den Akkommodationsmuskel und die Akkom- 
modation. Arch. f. Ophth. IV, 1. 1858. 8. 269. 
2W. Scuén, Zur Atiologie des Glaukoms. Arch. f. Ophth. XXXI, 4. 1885. S. 1; 


and in other publications. 
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the kind described above. Finally, all that the experiments with 
Youna’s optometer give is the peripheral total aberration; which is 
true also with respect to the skiascopic phenomena! which were sub- 
sequently included. The latter experiments do not give constant 
results, because in many eases the change of the skiascopic aberration 
phenomena cannot be observed at all in accommodation; and Hess, 
for instance, got a negative result in his investigation with Youne’s 
optometer. Consequently, all that can be concluded is that in many 
cases the peripheral total aberration of the eye decreases during 
accommodation, and that this phenomenon is unessential so far as the 
mechanism of accommodation is concerned. (For further information 
on this subject, see the proper chapter below.) The writer’s own 
experience all goes to show that the phenomenon of the distortion of 
the reflex images in the anterior surface of the lens cannot be seen with 
sufficient clearness unless the pupil has been treated with cocaine, and, 
in the first place, this gives no information concerning normal accom- 
modation. In the second place, this distortion is changed without 
alteration of the flattening of the reflecting surface by a change of its 
curvature and of its distance from the cornea; and hence even when the 
angles of incidence were very small, a calculation would be necessary to 
determine whether the change of the distortion indicated a change of 
the ‘‘Abflachungswert”’ of the surface. In the third place, such large 
angles of incidence are necessary to verify this phenomenon, that the 
asymmetrical flattening of the cornea cannot be left out of considera- 
tion, and this makes the calculation certainly quite complicated. 
TsCHERNING’s first assumption, therefore, was entirely without 
foundation, although let it be stated once more that there are no 
proofs of its impossibility. It was used for a false conclusion. Under 
the title of “The Author’s Theory of Accommodation,’ TscHERNING 
says that the “hypothesis” of HrELMHOLTz appears to be no longer 
tenable; at least he himself cannot see how such a mechanism can 
produce a flattening of certain parts of the lens and at the same time 
an increase of curvature of other parts. The only conclusion that can 
really be drawn from this statement is, that the cause of this lack of 
comprehension must be sought either in the “hypothesis” of Haum- 
HOLTZ or in TscHERNING himself. HErLMHOLTz’s own words are: 
“Stretched elastic membranes which contain an invariable volume of 
an incompressible fluid and which are attached by a circular margin, 
as the zonule is to the choroid, tend to approach the form of a segment 


‘Le Mécanisme de l’accommodation. JX. Congr. internat. d’Utrecht. Compte rendu. 
Amsterdam 1900. p. 244. 
2 Handbuch der Phys. Opt. 2. Aufl. S. 138. 
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of a sphere in proportion as its tension increases. In the relaxed state, 
as is the case in near vision, the anterior surface of the lens is curved 
forwards in front of the flat curvature of the anterior ridges of the zon- 
ule. In the stretched state, as in far vision, this occurs to a much less 
extent. However, the radius of curvature of the anterior surface of 
the lens which is about 10 mm is always a little less than that of the 
zonular arching, which may be estimated at about 14 mm.” Thus, he 
states that the entire curvature made up of the zonule and the anterior 
capsule of the lens must approach the spherical form when the zonule is 
contracted. In the supposititious final state when the spherical form 
was attained, the anterior surface of the lens would be, therefore, a 
segment of a sphere with a radius of about 14mm. To infer from this 
that the anterior surface of the lens, as it bulges forwards with a de- 
crease of tension in accommodation, is obliged to approach the form of 
a sphere, or that an increase of curvature can be produced by the 
increase of tension, involves conceptions that are incompatible with 
the mathematical knowledge of a Hetmuoutrz. Nowhere at all in 
his writings can the author find any intimation as to the probable 
form of the surfaces of the lens in the state of accommodation. This 
is not very surprising because, as already stated, there is no way of 
either calculating this form or of estimating it. All that can be said 
about it is HenMHOLTz’s own statement concerning the increase of 
curvature of the surfaces and of the thickness of the lens. As to the 
distribution of the increase of curvature over the various parts of the 
surface, and as to the possibility of a peripheral flattening during this 
process, nothing is stated; nor can anything be deduced from the 
relaxation of the zonule. 

TSCHERNING’s second assumption (that the result of the tension 
of the zonule is the formation of a “‘lenticonus anterior’) is again 
simply a false conclusion which he made from experiments that prove 
that in the extirpated lenses of animals a traction exerted on the zonule 
may have this effect. Crucial experiments were carried out by Ern- 
THOVEN,! Hess? and Daten.’ EInTHOVEN exposed the lens and zonule 
of a calf’s eye from above, and found that by pulling with two for- 
ceps at opposite ends of a diameter, he could make the curvature of the 
anterior surface of the lens increase or decrease, according as he pulled 
more backwards or forwards, respectively. Hess’s experiments 
were made on the freshly enucleated eye of an ape, from which a portion 
of the sclera was removed without injuring the choroid, and the cornea 


1 W. Ernruoven, Die Akkommodation des menschlichen Auges. Ergebnisse der Phy- 
stologie. I, 2. 1902. S. 680. 

2 Loc cit. Klin. Monatsbl. f. Augenheilk. 1904. 

3 Loc. cit. 
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and iris taken away; and he showed that a pull on the zonule produced 
a decrease of the curvature of the anterior surface of the lens. DaLEn 
experimented with the dead eye of a human being in which the lens 
had been laid bare by removing the cornea and iris with special pre- 
cautions; and he verified ophthalmometrically that there was an 
increase of the anterior surface of the lens after severing the zonule. 

The third assumption (that a tension of the anterior fibres of the 
zonule may be produced by the contraction of the ciliary muscle) is 
based on ideas of the anatomy of the ciliary body that are not clearly 
enough expressed, but that-seem to point to the conclusion that there 
is an innermost muscle layer, which by its contraction would pull the 
anterior inner end of the ciliary body backwards. These are notions 
that have no objectively demonstrable connection with the known ana- 
tomy of the ciliary body. The subjective connection is concerned with 
the fibres inserted on the inner side of SCHLEMM’s canal. 

In Fig. 141, reproduced from TscHERNING, he has shown the first 
phase of his idea of the mechanism of accommodation. It may be of 
some interest to know that the writer has 
shown that such a mechanism of accom- 
modation is mathematically impossible un- 
less the total index decreases in accommoda- 
tion. TsCHERNING’s assumption that for 
an accommodation of 7.5 dioptries the 
radius of the anterior surface of the lens 
might be reduced to 4.8 mm (which in 
itself is in startling contrast to the results 
obtained in all previous ophthalmometrie 
measurements) would not be _ enough, 
because the radius would have to be even 
smaller. 

The second phase of TscHERNING’s ideas 
on this subject appears in the work above 
cited published in the Encyclopédie francaise 
dophthalmologie. The real difference here 
is that the decrease of depth of the anterior 
chamber in accommodation, previously 
proved beyond a doubt by the more accurate 
methods of HeLMHoLTz, MANDELSTAM and 
ScHGLER, and Burx, is now admitted to be a 

x fact, in consequence of its having been 

Fen iat: observed in Brsro’s researches even with 

the less accurate methods of the Sorbonne 

Laboratory. Now, therefore, he represents the process of accom- 


a 
os 


G. 352, 353.] IV. Mechanism of Accommodation 415 


modation as shown in Fig. 142 (reproduced from this work) in which 
the continuous line indicates the contour of the lens at rest and the 
dotted line that of the lens with an accommodation of 7 dptr. It would 
be idle to discuss the new anatomical conceptions, which enable him 
to derive this accommodation form of the lens from the passive shape 
by a tension of the anterior fibres of the zonule. Here we shall merely 
emphasize the fact that, leaving out of account the sources of error in 
the method, Bxrsro’s researches support TscHERNING’s first assump- 
tion (as we designated it above) for the case of an eye that is wnder 
the influence of cocaine. 

The third phase of TscHERNING’s ideas is indicated in the Thomas 
Young Oration before the Optical Society in London in 1907.1. The 
part with which we are concerned reads: “‘v. PrLtuak has recently 
succeeded in fixing the dead lens in its accommadative shape; he has 
found that the posterior surface frequently becomes a little concave 
in its peripheral parts. This concavity increases during accommoda- 
tion. One of my pupils, Dr. ZEEMAN, has since observed this concavity 
in the living eye.” 

Von PFLuGk’s experiments” consisted in freezing the lens with 
liquid carbonic acid. However, the value of such ex- 
periments for purposes of demonstration should not be 
very highly estimated, since the action of forces de- 
veloped by the freezing cannot be overlooked. FiscHER’ 
too has shown that the freezing method may give rise 
to accidental changes of form of the lens; and, besides, 
the mechanism of accommodation of the eye of a bird is 
essentially different from that of the human eye, as 
shown by Hess’s investigations mentioned above. 
ZEEMAN’s report, alluded to above, merely proves the 
presence of the surface of discontinuity. The existence 
of a posteriorly directed concavity on the posterior 
surface of the lens can. be proved only when two images are seen 
moving in opposite directions, as has been observed by the writer 
in the case of true lenticonus posterior. 


Fig. 142. 


1 The development of the science of physiological optics in the nineteenth century. Reprint 
from The optician and photographic trade journal. Nov. 1, 8 and 15. 1907. 

2 Uber die Akkommodation des Auges der Taube. Wiesbaden 1906. 

3F. Fiscupr, Uber Fixierung der Linsenform mittels der Gefriermethode. Arch. f. 
Augenheilk. LVI. 1907. S. 342. 
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V. The Monochromatic Aberrations of the Eye! 


It is not practicable to obtain an actually homocentric bundle of 
rays by refraction in an optical system except in certain quite singular 
cases, in which invariably the rays must emanate originally from a 
point on the axis of a system of revolution. Thus, so far as real op- 
tical imagery is concerned, this requirement has no significance what- 
ever. However, this fact was not fully realized for a long time; and 
until the constitution of the general bundle of optical rays was known 
more in detail, the only description that could be given of it was in 
terms of the deviations or so-called aberrations of a ray from the ideal 
procedure of rays that were homocentric. According as magnitudes 
of different orders were included in the computation, various values 
were obtained for the aberrations of a ray, each representing, as we 
know now, certain geometrical relations that are characteristic of the 
bundle of rays. In this way we may speak of monochromatic aberra- 
tions of a certain order. For example, astigmatism is an aberration of 
the first order, and the asymmetry-values are aberrations of the second 
order. But at present what is meant by monochromatic aberration in 
the restricted sense usually includes simply aberrations of order higher 
than the first—and so does not include astigmatism. The term 
aberration by itself is applied specially to the aberrations of the third 
order defined by the aberration-values mentioned in a previous section. 
In physiological optics this is the best term to employ for the devia- 
tions or aberrations of order higher than the third. In technical optics 
they are also called zonal errors with respect to the axis of a system of 
revolution. 

The fact that the line of sight is not normal to the cornea involves a 
slight degree of inverse astigmatism in the eye, which, little as it is, 
tends to compensate the normal direct corneal astigmatism. At the 
same time, there are finite asymmetry-values along the line of sight, 
and hence after refraction in the eye the bundle of rays is singly asym- 
metrical with respect to the ray corresponding to the line of sight. 
However, along another ray, as shown by investigations with a lumin- 
ous point, the bundle of refracted rays is anastigmatic and without 
asymmetry. This is the important ray for the imagery, because the 
convergence along it is of higher order; and consequently, as a matter 
of fact, the asymmetry-values of the bundle of rays refracted in the eye are 
equal to zero. But between this state characteristic of the best formed 
eyes and those degrees of pathological asymmetry which may cause a 
considerable lowering of visual acuity or a bad sort of asthenopia, 


{See experimental investigation by A. Amus, Jr., and C. A. Proctor, Dioptrics of 
the eye, Jour. Opt. Soc. Amer., 5, 1921, 22-84. (J. P. C.S.) 


354, 355. G.] V. Monochromatic Aberrations of the Eye 417 


there are all possible intermediate stages. The methods of studying 
the asymmetry are both subjective and objective; and as the former 
are the same as those used for studying the aberration, they will be 
considered first in the following discussion. The objective methods are 
ophthalmoscopic; and therefore treatment of this subject will be con- 
fined here to the investigation of the asymmetry of the cornea and 
pathological decentration. 

Obviously, sufficient data would be obtained by making a complete 
ophthalmometric investigation of the anterior surface of the cornea, 
together with a determination of the position of the optical axis of 
the eye (in both cases by methods fully described above); but on 
account of the labour involved, this is practically out of the question. 
Very good data can be obtained by finding the position of the optical 
axis and making the ophthalmometric measurements in four directions 
symmetrically taken in the two principal sections at angles of 10° 
to the line of sight. However, the majority of cases of pathological or 
of unusually high physiological asymmetry are found incidentally by 
the ophthalmologist during the determination of the refraction of the 
eye; and, therefore, a simpler method of getting the required data is 
needed. This is supplied by using keratoscopy instead of keratometry. 

In keratoscopy the form of the cornea is estimated by the dis- 
tortion of the reflex image. Now experience proves that this judg- 
ment is most reliable 
when, in the absence of 
any deformation of the 
cornea, the reflex image 
is a square. Accordingly, 
the target whose reflex 
image is to be observed 
in the cornea is made by 
the writer in the form 
represented in Fig. 143. 
When it is held at the 
right distance or attach- 
ed at the end of a pro- 
perly focused telescope, 
its image in a spherical 
mirror consists of four 
squares, each separated 
from the next by a dis- 
tance equal to the length of the side of the central square. If the form 
of the reflecting surface differs from that of a sphere, the image will be 
correspondingly deformed, in such fashion that the intervals between 


Fig. 143. 
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the sides are proportional to the radii of curvature of the corresponding 
elements of the surface. The patient looks, first, straight into the 
objective of the telescope; and then in four other directions in succes- 
sion, above and below, and to the right and the left, as determined in 
each instance by a fixation-mark. For each of the four peripheral 
adjustments the two points of the cornea that correspond to the 
reflexes of the middle points of the sides of the two interior figures 
must be exactly the same as corresponded to the middle points of the 
sides of the two outer figures when the eye was looking straight in the 
objective of the telescope. Thus, for the two planes in which the eye 
looks, the keratoscope gives exactly the same data as the photographic 
method of keratometry described above. 


Fig. 144. 


Fig. 144 shows the appearance of the reflex images in a typically 
normal cornea, the same cornea, in fact, as the one for which the oph- 
thalmometric measurements were given in Appendix IJ. The central 
image approximately covers the optical zone of the cornea; and the 
squares there are perfectly regular, except that the top line, being 
shaded by the lids, is therefore not visible. The image is midway be- 
tween the upper and lower margins of the cornea, but appreciably 
nearer the inner margin than the outer. With a magnifying glass one 
can see plainly, on the plate anyhow, that the pupil is displaced later- 
ally with respect to the centre of the image. The two images in the 
upper and lower parts of the cornea are symmetrical with respect to 
each other, and indicate a considerable flattening of the cornea, becom- 
ing more marked towards the periphery. In both of them, but par- 
ticularly in the lower one, the oblique angles show that the cornea in 
these places is not symmetrical with respect to the vertical median 
line of the reflex image, but that the vertex of the cornea, that is, the 
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optical zone, is situated on the outside of the ophthalmometric axial 
point. In accordance with this, the two side images show the normal 
horizontal asymmetry with decidedly more flattening. These images 
are fairly symmetrical with respect to the horizontal median line, and 
yet they seem to indicate in some measure, especially the outer one, the 
slight vertical physiological asymmetry that was found by the ophthal- 
mometric measurements. The pupil is situated symmetrically with 
respect to the horizontal median line in each of the side images. 

Although, therefore, in this instance a distinct vertical asymmetry 
is not established, yet there are other eyes which seem to be perfectly 
normal in their functioning, but in which the keratoscopic images are 
considerably different from this type. Ifthe notion of asymmetry and 
decentration is referred to the ophthalmcmetric axial point, eyes that 
are perfectly normal from a clinical standpoint may be classified in three 
groups, as follows: 

1. In the most regular cases, normal horizontal asymmetry only. 

2. In the less regular cases, a combination of vertical and hori- 
zontal asymmetry, so as to give the appearance of a normal asymmetry 
in an oblique direction. 

3. In more irregular cases, normal asymmetry in the horizontal 
meridian of the cornea, combined with pronounced abnormal asym- 
metry in the vertical meridian, but with vertical decentration of the 
pupil in the direction of least flattening. 

Just as the transition from the second to the third group is a gradual 
one, so also there is no sharp line of demarcation between the latter 
and the pathological region. There are cases, for example, which with 
vertical asymmetry and compensating decentration of pupil show 
symptoms of asthenopia which can be made to disappear by correspond- 
ing correction of the inverse total astigmatism that is ordinarily pre- 
sent. Vertical asymmetry of the cornea with opposite decentration 
of the pupil may more certainly be regarded as pathological. Accord- 
ing to the writer’s experience this condition is invariably accompanied 
by asthenopia or some other symptoms of illness or by myopia. 

The best way is to consider the pathological cases as a special kind 
of anomaly of refraction called asymmetry or decentration. In the first 
place, then, this will include pathological vertical asymmetry as mani- 
fested either by opposite decentration of the pupil or by an inverse 
total astigmatism and sometimes by an unusually big difference be- 
tween the corneal astigmatism and the total astigmatism. Frequently, 
without thorough investigation, these cases are mistaken for a mild 
myopia that does not disappear until the inverse astigmatism, which 
is sometimes hard to discover, has been corrected; and that is the 
explanation of the name “‘Jatent”’ inverse astigmatism. TSCHERNING’s 
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eye (which will be referred to again) shows an unusually high vertical 
asymmetry which certainly is on the border of the pathological region, 
if not beyond it, and must be considered as abnormal. 

In the second place, there is also an abnormal horizontal asymmetry. 
In rare instances it occurs as_an increase of the normal asymmetry, 
but this is not very troublesome and does not have to be corrected 
except with large pupil. In other cases, particularly with myopia, 
there may be more flattening of the cornea on the outside than on the 
inside; or the investigation of the peripheral refraction by the ophthal- 
moscope and skiascope indicates a difference of several dioptries, when 
the eye looks first in a nasal direction and then equally far in a temporal 
direction. 

In the cases mentioned the bundle of rays refracted in the eye may 
be singly asymmetrical, which is generally the way it is; so that usually 
with proper correction good visual acuity can be obtained. But this is 
not so often the case with what is known as oblique asymmetry, because 
the bundle of refracted rays then is apt to be doubly asymmetrical. 
Accordingly, the caustic surface is not so favourable in form, and the 
visual acuity is lowered. The existence of an astigmatism whose 
principal sections make angles of from 35° to 55° with the horizontal 
plane usually indicates some oblique asymmetry, just as is indicated in 
ophthalmometric measurements of the cornea when the two meridians 
for which the “‘Denivellation” vanishes are not at right angles to each 
other; or as is shown by a marked difference between the principal 
sections of the corneal astigmatism and of the total astigmatism. 

Although the keratoscope enables us to find merely the corneal 
asymmetry and the decentration of the pupil, it is a good way of finding 
an asymmetry of the bundle of rays refracted in the eye. When the 
asymmetry is very great, the entire eye is affected by the deformation, 
as shown by ophthalmoscopic investigation of the papilla of the optic 
nerve. In the typically normal cases the latter is symmetrical around 
the horizontal line; whereas in abnormal vertical asymmetry and in 
oblique asymmetry very often there is a corresponding deform ation of 
the optic nerve (ultimately with conical structure downwards or 
obliquely). The perverse structure of the papilla usually means an 
abnormal horizontal asymmetry that can be found by the ophthalmos- 
copic and skiascopic investigation above mentioned. 

Thus, while the asymmetry of the bundle of rays refracted in the 
eye is to be considered practically as a pathological effect, the aberration 
of the bundle is a physiological condition. Indeed, this is something 
that we might have known in the beginning, because the absence of 
aberration is an unusual state of affairs, which would be of no use for 
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the eye. Owing to the size of the pupil, the faults of higher order are 
bound to be of such importance that the aberration along the axis will 
certainly be a minor matter. Thus, the investigation of the aberration 
involves a thorough knowledge of the constitution of a wide-angle 
bundle of rays. The best way is to make a direct investigation of the 
section of the bundle made by a plane screen, because there the lines of 
intersection of the caustic surface come out clearly, and enable us to 
ascertain its form. Fortunately, the retina itself is an excellent screen 
for this purpose. The only drawback is that the method is subjective 
and dependent on the patient’s powers of observation. Consequently, 
it is not adapted for use with a large number of subjects. The bundle 
or rays is created by looking at a small, bright, luminous point. The 
different cross sections of it are brought on the retina by changing the 
optical focusing of the eye with the aid of spectacle glasses. The 
complete exploration of the caustic surface in this way is what the writer 
calls the method of subjective stigmatoscopy, as distinguished from the 
aimless investigations with a luminous point that are described in 
the literature. 

The necessary mathematical relations having been ascertained, this 
was the only method that enabled the writer to explore the constitution 
of the bundle of rays refracted in the eye. And, in fact, now that this 
constitution is known, there is no other method of showing completely 
what it is. The reason for this is the extraordinarily complicated form 
of the caustic surface. Not only are there three cusps in its meridian 
section, as shown in Fig. 120, but the form of the curve steadily varies 
as the meridian section is revolved around the axis, in such fashion 
that the distance of the two symmetrical cusps from the axis becomes 
alternately a maximum and a minimum. Corresponding to these 
greatest and least distances of the cusps, the cuspidal edges of the 
secondary caustic surface are so contrived that, with respect to this 
alternation, there is a certain analogy with what is known as diagonal 
astigmatism of the aberration; but with this difference, namely, that 
whereas there are only two maxima and minima in this effect, the 
number is greater in the eye. It can be seen from Fig. 145 that the form 
of the section of the caustic surface is quite complicated even in the 
case of diagonal astigmatism of the aberration; as this illustration 
represents the cross section of such a bundle of rays as obtained 
by a certain form of bicylindrical lens.!. The meridian sections for 
which the aberration has its maximum value correspond to the 
four points of the star-shaped figure; while the bright diagonal lines 
indicate the sections of the secondary caustic surface where it is bent 
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over at the edges. By screening off a part of the lens, it may be demon- 
strated that the former are due to rays of light that have already 
crossed the axis, whereas the latter are made by rays that cross the 
axis beyond the place where they are intercepted by the screen. 


Fig. 145 


Now by subjective stigmatoscopy we find that the bundle of rays 
refracted in the eye shows precisely the same characteristics as those 
just described, except that the starry points and the intermediate 
bright flecks are more numerous and not always arranged perfectly 
regularly. Just as in HeLMHOLTz’s description, when a portion of the 
pupil of the eye is screened off by the partial interposition of an opaque 
card, the starry rays that are seen around a bright point vanish first 
on the same side as that on which the pupil is covered. Since the 
image of the star pattern appears exactly opposite to the actual in- 
verted arrangement of the blurred image as projected on the retina, the 
rays of the star are due to rays of light which have crossed each other 
before getting to the retina. Chromatic effects, such as HELMHOLTZ 
used, enable us to show this; cobalt glass being particularly suited for 
the purpose, because it makes the central bright point look purple, 
while the rays of the star are blue. These star-points, as HELMHOLTZ 
states, are visible with a sufficiently bright luminous point even when 
the eye is focused most sharply, provided the pupil is not excessively 
contracted by the illumination in the room. In a complete investiga- 
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tion by the method of stigmatoscopy, the luminous point is 4 metres 
away, and its diameter is 2 mm. Accommodation being entirely 
relaxed, amyopia of 4 dptr is produced at first by the aid of a suitable 
spectacle glass. The refraction of the compound system is steadily 
increased, a half dioptry at a time, by changing the glass. Initially, a 
bright blur circle will be seen, which, perhaps, may appear to be punc- 
tuated by brighter points, but which does not admit of any distinct 
separation into brighter and darker portions. As the far point begins 
to recede, the first thing that is noticed in the way of change of appear- 
ance is the development of a more or less uniformly bright point in the 
centre, around which the rays of the star begin to be visible; corre- 
sponding to the section of the bundle of rays that is shown by Heum- 
HOLTZ in Fig. 72, b. The illustration in Fig. 72, a, which represents the 
image seen by HELMHOLTz in his right eye, is not so well suited to show 
the simplest case, because it indicates a vertical asymmetry in that eye 
(possibly due to some small opacity in the lens), which makes it a little 
hard to explain. Indeed, the drawings Fig. 72, b, d, that relate to the 
left eye, do not indicate an eye that is one of the most regular in its 
structure, but they are sufficiently typical to be used for demonstration. 
In the best formed eyes the star figure has eight points, and its funda- 
mental form is that of a vertical cross with diagonal rays, one of which 
however, may be split in two. Evidently, HrtmHo.tz’s figure may be 
explained as a variant of this form in case of an oblique cross. If by 
increasing the refraction the far point of the reinforced eye is made to 
recede farther and farther, until at last it becomes virtual, a darker 
centre surrounded by a brighter serrated line will be seen. With bigger 
pupil these serrations appear to lengthen out into rays of the star. 
When the pupil is partly covered, the serrations vanish on the opposite 
side. Viewed through cobalt glass they are red, implying therefore that 
they are due to rays of light which have reached the retina before inter- 
secting the central ray. These star-patterns are more numerous than 
in the ordinary star-figure. The orientation is certainly different from 
that of the ordinary star-figure, because there are no rays in these 
patterns in the directions where they are clearly perceived in the ordin- 
ary star-figure. When the pupil is artificially dilated, there is a certain 
focusing for which both kinds of star-patterns may be seen together, 
and the alternation verified. The serrations lengthened into rays are 
to be seen in HeLMHOLTz’s diagram Fig. 72d, where the dark centre is 
plainly visible, and where, too, the writer’s statement about orientation 
can be verified. The fact that the number of serrations in HELMHOLT2’s 
case is less in this section of the bundle of rays than in that shown in 
Fig. 72 b, is due to the fact that he got the different sections of the 
bundle, not by using different spectacle lenses, but by varying the 
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distance of the luminous point. For instance, when this point is 
brought closer to the eye the visual angle which it subtends is so large 
that the star-points next one another merge together. 

The cross section of a bundle of rays. with diagonally astigmatic 
aberration, as represented in Fig. 145, exhibits not only the rays cor- 
responding to the ordinary ocular star-figure but also the corners 
between the rays corresponding to the serrated line that contain the 
brighter, radially directed spots of light. A cross section of this sort is 
obtained with a wave surface which has four planes of symmetry, 
and which is represented by a certain equation of the fourth degree. 
By varying the bicylindrical combination used in producing this 
figure, the symmetry may be destroyed and very complicated effects 
obtained. However, if the equation of the wave surface is one of the 
eighth degree of corresponding form, and if there are eight planes of 
svmmetry, there will be eight rays in the star-figure and eight indenta- 
tions with brighter, radial medians, instead of the four corners shown 
in the figure. And if the symmetry about the eight planes is not per- 
fect, there will be apparent irregularities in the arrangement of the 
rays and indentations due to the complicated form of the caustic 
surface. In the organ of vision the contrasts are heightened, because 
the minimum that is perceptible is lowered in the vicinity of a brightly 
illuminated point of the retina, which owing to the brighter central 
parts, must have the effect of making the indentations appear as 
serrations. When this is taken into consideration, it is not difficult 
to understand that the appearance of the star-patterns in the eye does 
not at all imply real irregularities, such as might be produced by 
edges or cusps in the refracting surfaces themselves or by discon- 
tinuities in the variation of the index of the crystalline lens; but 
that the phenomenon is just as regular as any effect that is dependent 
on an equation of the eighth degree or higher degree. 

A characteristic feature of the wave surface of a bundle of rays of 
this sort, as found by mathematical investigation, is that out towards 
the periphery the flattening is different in different meridian sections; 
the result being that there are just as many minima corresponding 
to the rays of the star as there are maxima corresponding to the in- 
dentations. A cylindrical surface whose axis coincides with the axial 
ray will cut the wave surface in a line which, when the cylinder is 
unrolled on a plane, has a sinuous form; the sinuosity being more pro- 
nounced in proportion as the section is farther from the centre. This 
means that the wave surface contains ridges and valleys running radi- 
ally along it and getting shallower in towards the centre. We might 
speak of them as ‘‘creases” (“‘Faltenbildungen’’), provided the term is 
used by way of analogy without being taken too literally. Now there 
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is nothing that can be responsible for this idiosyncrasy of the wave 
surface except a similar peculiarity of the refracting surfaces of the 
crystalline lens or of the iso-indicial surfaces, because the star-figure 
around a luminous point disappears when the lens is removed from the 
eye. This form ought to be manifested in the surfaces of the lens by 
jerky movements of the reflex images during movements of the eye. 
As a matter of fact such twitchings are often perceived in the reflexes 
in the anterior surface of the lens. But so far as the writer has been 
able to discover, this phenomenon occurs only at the periphery of the 
lens, and this would not be sufficient for the explanation of the 
“creases.”’ Besides, the reflex image in question is produced not simply 
by the anterior surface of the lens, but also in the most anterio” portions 
of the lens substance. This is why it is so vague. The only other hy- 
pothesis left, is that the forms of the iso-indicial surfaces of the lens 
correspond to that of the wave surface. Taking into account the 
anatomical structure of the lens, we reach the same conclusion from 
the study of the dioptrics of the lens. During the accommodative 
change of form of the lens, the iso-indicial surfaces must contain 
constant volumes; and hence for the different focusings of the eye 
their superficial areas must be different, supposing they are surfaces 
of revolution. But this would not be possible unless either the particles 
of the lens were perfectly mobile, or the substance of the lens had con- 
siderable elasticity. Now since neither of these is the fact, the different 
forms assumed by the iso-indicial surfaces cannot be surfaces of revolu- 
tion; which means that the change of form must be accompanied by 
the production of ‘‘creases’”’ or by the variation of such “creases.” 
Owing to the concomitant contraction of the pupil in accommodation, 
a variation such as that just mentioned is difficult to investigate in a 
perfectly satisfactory manner. However, in case of accommodation 
that occurs in the first stage of the action of eserin on a pupil that is 
dilated by homatropin, it is easy to verify the fact that there is some 
change of this nature. 

The fact that the star-figure is due to the iso-indicial surfaces of the 
lens and their variations during accommodation, plainly shows that 
this particular peculiarity of these surfaces is influenced by the tension 
of the zonule. That the effect cannot depend on the anatomical struc- 
ture of the lens, which in its embryonic stage has the shape of a three- 
point star, is shown both by the number and by the disposition of these 
points; whereas in the most regular cases the star-image itself consists 
of eight rays, its fundamental form being that of a cross with diagonal 
rays. On the other hand, in the mechanism by which the lens is sus- 
pended there is an anatomical contrivance that must produce alternate 
maximum and minimum tensions of the zonule in the different meridian 
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planes, not simply because the mechanical relations for the ciliary 
processes are different from those for their interstices, but also because 
these relations must be modified by the way the fibres of the zonule 
cross each other in proceeding to the anterior and posterior sides of the 
capsule of the lens. It is true, the number of these maxima and minima 
is much greater than the number of rays in the star-pattern. But since 
the tension for the various maxima cannot be mathematically and 
precisely the same, the lines of force will have to merge together towards 
the centre. The star-figure illustrates the same thing. With a larger 
pupil, the rays of the star are often seen to separate from each other 
at a certain distance from the bright nucleus. As the lens is composed 
of fibres, the peculiar form of the iso-indicial surfaces ought to be mani- 
fested by a corresponding characteristic arrangement of these elements. 
Now it is even probable that with steady growth of the lens the ana- 
tomical arrangement of the fibres is affected by the tensions that occur, 
and thus the stellar appearance seen on the anterior surface of the lens 
by oblique illumination may represent this structure as acquired under 
the influence of the tension of the zonule. The best way to observe 
this starry form is with dilated pupil, by the same sort of experiment 
as was used for inspecting the reflex image in the anterior surface of 
the lens, where the light was concentrated on this surface by a convex 
lens. This figure indicates real discontinuities in the variation of the 
index; but without a very complicated mathematical study, it can 
hardly be regarded as conclusive on this point, inasmuch as the 
“creases” in the iso-indicial surfaces certainly seem to be qualified to 
produce the reflex phenomenon in question. 

Owing to the property of the wave surface of the bundle of rays 
refracted in the eye which has just been proved, it is a mathematical 
impossibility for any cross section to cut the caustic surface in a 
smooth curve in the form of a circle concentric with the pupil. On the 
contrary, this section must be serrated everywhere or must consist of 
separate isolated points. Accordingly, the serrated curve described 
above is a section of the caustic surface, and the concentration of light 
at the centre that is seen at the beginning of the stigmatoscopic in- 
vestigation is the vertex or cusp of the same surface. Now this means 
that the aberration along the axis is positive, because the cusp points 
in the direction in which the light goes. Pursuing farther the stig- 
matoscopic investigation with dilated pupil, by steadily increasing the 
hypermetropia of the reinforced eye, we find that in the last section 
of the bundle of rays where the line of intersection of the caustic sur- 
face can still be seen, it does not coincide with the boundary line. The 
inference is that a meridian section of the caustic surfacehas three cusps, 
like the curve drawn in Fig. 120, where the serrations that are the last 
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to be seen in the stigmatoscopic investigation of the given meridian 
plane are represented by the two symmetrical cusps. By measuring 
the difference of refraction between this section of the bundle and that 
which contains the cusp lying on the axis, the distance between the 
two sections can be found. In the writer’s own case this difference is 
4 dptr, and apparently this value is never exceeded. A higher value 
is frequently obtained with persons who are less expert, probably due 
to their inability to relax the accommodation completely. The diam- 
eter of the line R=0 corresponding to the symmetrical cusps of 
Fig. 120 is measured by the diaphragm held in front of the eye. The 
serrated curve in the section of the caustic surface nearest the re- 
fracting system can be made to coincide in this way with the boundary 
line of the cross section of the bundle of rays. By this means the writer 
has obtained a diameter of 4mm. Let d denote this diameter, D the 
difference of refraction to be used in the calculation, f the posterior 
focal length of the eye, and n the index of refraction of the vitreous 
aumor; then the aberration-value is found by the formula: 


8 f*D 
~ 1000 nd?’ 


the distances being expressed in millimetres and the value of D in 
dioptries. For f=20 mm and n=4/3 (as in DonpeErs’ reduced eye), 
the formula gives 240 mm for the aberration-value; whereas on the 
assumption that the refracting surface is spherical, the calculated 
aberration-value for this eye is 540 mm. The amount of the aberration- 
value found in the living eye proves at once that the bundle of refracted 
rays acquires a positive aberration in traversing the crystalline lens. 
This could be demonstrated by HrELMHOLTz’s schematic eye; because 
by giving the surfaces of the lens in this eye a form such that the lens 
itself does not contribute to the aberration one way or the other, with 
spherical cornea and emmetropic focusing the value found for the 
aberration is 162 mm. Hence the writer infers that the variable index 
of refraction of the lens has little effect on the refraction of paraxial 
rays in the eye, and that, consequently, the chief significance of this 
peculiarity of the lens is probably in connection with the change of 
form of the lens in accommodation and possibly also for peripheral 
vision. This reasoning is completely sustained by the dioptrics of the 
lens; which likewise indicates that the lamellar structure of the lens 
is merely in the interest of the change of form in accommodation, 
since, as was proved above, the effect of this structure is to augment the 
astigmatism of an oblique bundle of rays. 

Again, if the posterior focal length of the exact schematic eye and 
the index of refraction of the vitreous humor are substituted in the 
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formula above, the aberration-value thus obtained is 403.5 mm. Now 
if the aberration-value of the exact schematic eye with the real core- 
lens is calculated by the writer’s formulae, it is found to be 


A =691.17+75854 6,—7511.5 @.+6113.9 6;—3264.4 Os, 
where the symbols @ are used to denote the ‘‘Abflachungswerte”’ of the 
four refracting surfaces; each of them being found by the equation 
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where p denotes the radius of curvature, and « is the eccentricity of 
the surface of the second degree that has contact of the fourth order 
with the refracting surface in question. When this value calculated 
for the exact schematic eye is compared with the result 403.5 mm, as 
obtained in the investigation of the living eye by using the focal length 
of the schematic eye and the index of refraction of the vitreous humor, 
it should not be overlooked that the formula by which the latter value 
was computed is merely approximate, because the effect of the aberra- 
tion-values of higher order cannot be taken into account. However, 
since there is in this case a curve R =0, these values must be nega- 
tive. Hence, the aberration-value calculated for the living eye from 
the results of the investigation is too small; but how much too small, 
cannot be estimated at present by investigations. However, in the 
calculation of the schematic eye, HELMHOLTz’s ellipsoid was used for 
the corneal refraction, so that even in the schematic eye the calculated 
value is smaller and, consequently, the effect of negative aberration- 
values of higher order is taken into account. Suppose, therefore, that 
the error due to the above cause is compensated by the fact just stated; 
then if the surfaces of the lens are considered as parabolic; and if the 
value of the eccentricity of the cornea, as calculated by MaTruressEN 
(as above stated) from the writer’s measurements of the cornea, namely, 
the value «=0.551, is employed, the aberration-value turns out to be 
476.16 mm. As a matter of fact, the surfaces of the lens are probably 
flatter towards the periphery than the paraboloid; and the peripheral 
increase of thickness of the cornea may indicate a positive value of @ 
for the posterior surface of the cornea, which would lower the calculated 
aberration-value still more. If these latter considerations are taken 
into account, the agreement between the value calculated for the exact 
schematic eye and that found by the investigation of the living eye 
could not be better. 

This result is all the more important because it proves the correct- 
ness of using Marruiessen’s law along the axis of the lens. The 
greatest part of the aberration, as calculation shows, originates in the 
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lens and depends on the value of p,. Now this coefficient can be made 
smaller by assuming an hyperbolic indicial curve along the axis, but 
this is contrary to the result of all refractometer measurements. On the 
other hand, an increase of the value of p, would result in still greater 
positive aberration in the schematic eye, which, according to the above, 
must certainly appear very unlikely. 

The region of the pupil enclosed by the curve R =0 is what the 
writer has called the optical zone of the pupil. The name seems to be 
all the more appropriate because the region coincides approximately 
with that comprised by the optical zone of the cornea. Within this 
area the aberration of the normal eye is invariably positive. This can 
be shown by finding the refraction of the eye at the different parts of 
the pupil. Everywhere it is less than it is at the centre; and the dif- 
ference increases out from the centre along any meridian section, more 
rapidly at first, and then rather more gradually, until it amounts to 
4 dioptries at the boundary line. However, in this connection it must 
be kept in mind that, according to ordinary usage, myopic refraction is 
negative, and that what is meant by the refraction at a point of the 
pupil is the state of refraction that the eye would have if an infinitely 
small stop were situated at this place. This refraction is determined, 
therefore, by the distance of the point of intersection of the given 
ray with adjacent rays, not with the axis. Inside the optical zone, 
along every ray except the axis, there is astigmatism, because the 
meridional focal distance is shorter than the equatorial. If a meridian 
section is followed beyond the border of the optical zone, the astig- 
matism steadily diminishes along the rays meeting this curve and 
vanishes entirely for the ray that is tangent to the caustic surface at 
the place where it crosses the axis. Leaving out of account the so-called 
“creases” in the wave surface, the totality of all such rays for the dilated 
pupil forms a conical surface with its vertex on the axis. And since 
along each one of these rays there is a perfect ray-convergence of the 
first order, the convergence of the rays on the axis at the vertex of the 
cone is extraordinarily good, and consequently this point in a cross 
section of the bundle of rays stands out sharply from its surroundings. 
In vision with a wide pupil it is this point, therefore, that serves for 
the imagery, the eye being focused for the cross section here indicated. 
By subjective stigmatoscopy it is easy to prove that with dilated pupil 
the sharp focusing is for a cross section of the bundle nearer the re- 
fracting system than is the case for a pupil of moderate size. Thus in 
the former case when the eye is accommodated as sharply as possible 
for the luminous point, the only star-points that are visible around it 
are such as appear red through cobalt glass and vanish from the op- 
posite side when the pupil ispartly screened. But when the far point 
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is brought closer to the eye by means of a convex lens, the result is that 
with sharp accommodation and with a pupil of moderate size the 
ordinary star-figure is seen. When, with dilated pupil, the far point 
is brought so near the eye that the cusp of the caustic is visible, the 
section of the part of the caustic that is bent over will be seen at the 
same time, appearing along its boundary as a clear, serrated, bright 
ring. 

In order to make this explanation of the convergence of the rays 
more intelligible, the writer has had to leave out of account the 
peculiarity of the bundle of rays that is due to the “creases of the 
wave surface.’ This feature involves a difference of the aberration- 
value in different meridian planes. However, in this method of in- 
vestigation the measured aberration is its maximum value. The writer 
has not succeeded in finding any way of measuring the minimum value; 
and for the present it must suffice to know that in the corresponding 
meridian planes the aberration-value is smaller, and the point of best 
convergence of rays lies farther away from the refracting system. 
The distance of this point from the cusp of the caustic surface is cor- 
respondingly smaller, and a ray that goes through it will meet the pupil 
in a point closer to its centre, and therefore this point of the bundle 
of rays is used for sharp imagery when the size of the pupil does not 
surpass that of the optical zone. But there seems to be no reason why, 
with a pupil of the smallest size, the focusing may not be made for a 
cross section of the bundle that is still nearer the cusp of the caustic 
surface. 

In the stigmatoscopic investigation, the difference of refraction 
between the point of most advantageous convergence of the rays and 
the cusp of the caustic surface may be measured. In this way the writer 
obtains a difference of 1.5 dioptries, which gives, therefore, the degree 
of hypermetropia along the axis of an emmetropic eye for pupil of 
moderate size. But the measurements do not give results that are very 
accurate; and so in the schematic eye the writer has used the value 
one dioptry, which is certainly not too large. The difference between 
the optical focusings of the eye for a pupil of moderate size and for one 
as large as possible can be satisfactorily obtained in the above manner. 
In many instances, but not always, the result of clinical investigation 
by Donprers’ method of refraction may reveal a slight myopia of the 
emmetropic eye when the pupil is dilated. The simple explanation is 
that the visual acuity is reduced by the large pupil. 

Evidently, from what has been said above, all that can be implied 
when we speak of the aberration of the eye is the maximum value of 
this magnitude as it occurs in the particular meridian section under 
consideration at the time. By more exact methods of investigation, 
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we find that usually there is an astigmatism of this aberration as 
manifested by an oblique oval form of the section of the caustic surface 
made by the retina, which is seen also in HeLMHOLT2’s Fig. 72 d. This 
means that even when the visual acuity is maximum there is not com- 
plete absence of astigmatism along the central ray. Practically, how- 
ever, this is of entirely secondary importance. In the bundle of rays 
that falls on the retina of the writer’s right eye no traces can be de- 
tected of the horizontal asymmetry due to oblique incidence of the line 
of sight; and hence the asymmetry-values vanish, not indeed along 
the ray passing through the centre of the anatomical pupil, but along 
the ray that goes through the centre of the exit-pupil. The ray that is 
tangent to the cusp of the caustic surface is the controlling ray so far 
as the imagery is concerned; and, according to the above system of 
nomenclature, may be called, therefore, the central ray. The point 
where it crosses the plane of the pupil may be named the optical centre 
of the pupil. In the writer’s own case this optical centre is in the 
vertical diameter of the exit-pupil, and the vertical line that divides 
the pupil in half is a line of symmetry with sufficient accuracy for prac- 
tical purposes. This is not the case with the horizontal line. For even 
with the ordinary star-figure seen araund a luminous point a vertical 
asymmetry may be recognized, the ascending rays appearing shorter 
than the descending ones. With reference to a vertical asymmetry, 
suppose the upward direction is taken as positive. Accordingly, there 
is a direct negative asymmetry of the bundle of refracted rays along 
the ray that goes through the centre of the pupil, which means that 
the optical centre of the pupil is above the anatomical centre. In the 
absence of a vertical decentration of the pupil with respect to the 
ophthalmometric axial point, this statement might have been made 
a priori, provided the asymmetrical flattening of the vertical section 
of the cornea is not compensated by some mechanism operating in the 
opposite sense. In keratoscopy and ophthalmometry the ophthalmo- 
metric axial point is the point of reference. Similarly, in stigmatoscopy 
the optical centre of the pupil is the point of reference for what is called 
the ‘‘decentration.’”’ Thus the vertical asymmetry that has just been 
found may be spoken of as a downward decentration of the pupil. 
This normal vertical decentration may occur to any extent, until the 
optical centre is at the border of a pupil of medium size or even beyond 
it, in which case the limit of the physiological region is exceeded. 
TscHERNING’s drawings of the appearances in his eye’ indicate a 
vertical decentration of this nature, which undoubtedly is in the neigh- 
bourhood of this limit and is certainly abnormally great. 


1 Loe. cit. Encyclopédie Francaise d’ophthalmologie. T. II. p. 207. 
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Besides this decentration of the pupil, a decentration of the optical 
zone has also to be taken into account. The former is computed from 
the relative upward and downward extent of the star-points that are 
visible in the section of the bundle of rays that contains the cusp of 
the caustic surface; and the latter is calculated from the difference of 
refraction when the different parts of the edge of the caustic surface 
corresponding to the curve R=0 are focused. Thus, in the writer’s 
eye there is a difference of one dioptry between the upper and lower 
parts of this edge; and in the right eye the calculated decentration of 
the optical zone amounts to one-eighth of a millimetre downwards 
and is about the same as the decentration of the pupil in the same di- 
rection, which for a diameter of 6 mm has the value of one-seventh 
of a millimetre. 

The writer has not been able by stigmatoscopic investigations to 
trace the transition from this physiological decentration of the optical 
zone to the pathological decentration, because these experiments re- 
quite considerable practice and involve much waste of time. Where 
there is vertical asymmetry of the cornea and contrary decentration 
of the pupil, it is extremely likely that the pupil would exhibit also the 
opposite decentration with respect to its optical centre, and that with 
a pupil of medium size the curve R =0 would not be a closed curve, 
that is, there would be no optical zone. In the case of TSCHERNING’s 
eye, with a pupil of the size for which he has drawn the blurred pat- 
terns, a closed curve R =0 is already lacking; and there is no indication 
in these drawings that there usually is an optical zone in the pupil. 
If the vertical asymmetry of the cornea of an eye of this kind should 
be augmented, the effect of the increase of flattening of the cornea 
towards the periphery would be to make the direct asymmetry-value 
in the vertical direction increase more along a ray in the vertical plane 
of symmetry that passed through the lower part of it. The influence 
of the aberration under these circumstances as compared with that of 
the asymmetry would be relegated still more in the background, and 
the result would be a better convergence of the rays along a ray going 
through the lower part of the pupil. ‘The upward decentration in an 
eye of this kind would therefore impair the convergence of the rays, 
since in TsCHERNING’s eye, as the drawings show, the asymmetry- 
values are negative. 

In the normal eye, inside the positive zone, the aberration is positive 
even with powerful accommodation. This is proved by the fact that when 
the luminous point is moved up in the vicinity of the near point of 
the eye and fixated, the first thing that is seen is the line of intersection 
of the focal surface, and it is not until still greater effort of accom- 
modation is exerted that this first appearance is transformed into the 
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star-figure or into the sharp image obtained with undilated pupil. 
Mathematical investigation of the dioptrics of the core lens shows 
that there is an accommodative decrease of the value of p, to such an 
extent that if this were the only factor that affected the aberration- 
value during accommodation, the latter would have to be reduced to 
about two-thirds of its original value. However, the writer has not 
succeeded in verifying this variation by subjective stigmatoscopy in 
a perfectly satisfactory way, because the concomitant contraction of 
the pupil hinders the investigation unless mydriatics are used, and the 
phenomena with pupil dilated either by cocaine or by homatropin 
after treatment with eserin do not seem to be unique as to their in- 
terpretation. 

The physiological importance of the constitution of the bundle of 
rays refracted in the normal eye as ascertained in the above fashion 
can be properly estimated only in the light of the general laws of optical 
imagery. The magnitude of the blur circles as represented by the star- 
points that are visible around a luminous point would, for instance, 
completely prevent getting an imagery of the same quality as obtained 
by the visual acuity of the normal eye, if the blur circles were as im- 
portant for the imagery as they are supposed to be. Instead of them, 
what we actually have are the sections of the caustic surface, and there- 
fore any conflict between the degree of visual acuity and the structure 
of the bundle of rays is cleared up at once. Another matter which 
likewise receives a satisfactory explanation is the ability of considerably 
enhancing the visual acuity by practice for different optical focusing 
or for different degrees of congenital or artificial astigmatism; which is 
a well known fact of clinical experience. For just as long as sections 
of the caustic surface continue to fall on the retina, there is always a 
question of imagery of some kind, and the strain experienced by trying 
to read with faulty cylindrical correction is simply an expression of the 
greater difficulty of construing sections of the caustic surface that have 
an extraordinary form and are less suited for maximum visual acuity. 
Hence in near work the strain might be felt more because the particular 
form of the section of the caustic surface, along with the chromatic 
aberration, might be the controlling factor in the continual changes of 
accommodative focusing. The mere fact that the cross sections of the 
bundle of rays on the retina have different appearances, depending on 
the degree of accommodation, may constitute a factor of this kind. 

The magnitude of the aberration is of fundamental importance 
also for comprehending the constitution of the bundle of rays refracted 
in the eye in the ordinary cases of astigmatism, because it requires an 
astigmatism of more than four dioptries in order that sections of the 
two caustic surfaces may not fall on the retina at the same time. 
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Thus in the most important practical cases of astigmatism the caustic 
surfaces are of the type shown in Fig. 121, where there are two rays 
going through the pupil of medium size along which there is no astig- 


Fig. 146. 


matism. The sections of a 
bundle of this sort are shown 
in Fig. 146, which is a photo- 
graph! made with a telephoto- 
lens, the different cross sec- 
tions being focused on the plate 
by varying the distances of 
the parts of the lens; and hence 
the dimensions of the sections 
relative to each other are not 
correct. The phenomena in the 
astigmatic eye are similar, as can 
be verified by using cylindrical 
glasses. The only difference is in 
a cleavage of the blurred figures 
depending on the ‘‘creases’’ of 
the wave surface. As to the 
arrow-head effects, seen in two 
opposite points in the fourth 
cross section in Fig. 146, where 
the two anastigmatic focal points 
are, the same phenomenon is 
easily verified in the stigmatos- 
copic investigation of the arti- 
ficially astigmatic eye. With ab- 
normal vertical asymmetry and 
not too high a degree of astig- 
matism, there is always a point 
of this kind on the eaustic sur- 
face; and in TSCHERNING’s draw- 
ings of the cross sections of the 
bundle of rays refracted in his 
eye this point is easily recognized. 
The artificial astigmatism affords 
a means of eliminating the in- 
fluence of accommodation in the 
stigmatoscopic measurement of 


the aberration, but that is a matter that cannot be discussed here. 
Objective stigmatoscopy (as the writer ventures to call it) is the most 


‘For which the writer is indebted to Mr. A. OpENcrants, candidate for the degree 


of doctor of philosophy. 
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important of all the other methods of investigating the aberration of 
the eye. The slit in the ophthalmometric Nernst lamp is replaced by a 
small hole; in front of which at an angle of 45° a cover-glass is set up 
vertically. The size of the latter is such that no light falls on its edges. 
The reflex image in the glass plate of the portion of the incandescent 
filament seen in the hole makes a very bright luminous point, which can 
be made to coincide with the pupil of the experimenter’s eye. Then 
when the reflected light is projected into the pupil of the patient’s eye 
at a distance of from 30 to 50 cm, the observer can investigate the con- 
vergence of the rays by moving his head in different directions. Sup- 
pose that the eye under examination is able to fixate sharply the reflex 
image of the luminous point with this arrangement of apparatus; then 
during fixation an image is formed on the retina which, with the diffuse 
reflection due to the distribution of light in it, may to a certain extent 
be regarded as a punctual image of the source of light of the bundle 
of rays to be investigated. For a distance as great as 50 em the cross 
sections of the bundle of rays are of such magnitudes that the size 
of the pupil of the observer’s eye does not enter into the problem at all. 
With his eye properly centered he looks into the patient’s eye, whose 
pupil is supposed to be of the ordinary medium size in a dark room. 
At its centre he will see a bright luminous point, in many instances sur- 
rounded indeed by a perceptible star-figure. This point, which owing 
to the brightness appears more yellowish, is surrounded by a darker, 
that is, a more reddish looking, zone, which in turn is surrounded by 
a brighter, more yellowish ring. According to the size of the pupil, 
this bright annular zone extends to the margin of the pupil or is sur- 
rounded again by a darker, more reddish zone. Now suppose the 
observer moves his eye, say, in the horizontal direction; the central 
bright point in the pupil of the patient’s eye will execute a movement in 
the same direction, but the vertical parts of the bright annular zone 
will be displaced in the opposite direction. This shows that along the 
central ray the rays converge behind the pupil of the observer’s eye; 
but that the rays that meet the pupil of the patient’s eye where the 
bright ring is seen are intersected by adjacent rays at places in front 
of the pupil of the observer’s eye. In other words, the aberration is 
positive. Hence, when a luminous point is sharply fixated, a cross 
section of the bundle of rays that is in front of the cusp of the caustic 
surface is focused on the retina of the patient’s eye. So far as physio- 
logical relations are concerned, the writer has found not a single ex- 
ception to this behaviour. Apart from subjective stigmatoscopy, this 
is the only method of investigating the aberration within the optical 
zone. However, it cannot be used for finding the cuspidal edge of the 
caustic surface, because the image on the retina is not good enough 
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for this purpose. For the objective investigation of the refraction and 
astigmatism and of the pathological forms of asymmetry and aberra- 
tion, it is superior to any other method. But it would take us too far 
to go here into the details of these investigations. It is what may be 
called a delicate, skiascopic method, but it is really much more than 
this, since it is a way of investigating the refraction at the fovea itself. 
Moreover, so far as the asymmetry and aberration are concerned, in 
the skiascopic method the size of the light-source, the distance between 
the observer’s pupil and its reflex image, and the hole in the mirror 
are all just so many sources of error that make the phenomena uncertain 
and affect the accuracy of the conclusions derived from them. Con- 
sequently, in its results the method of objective stigmatoscopy is 
distinctly different from that of skiascopy, although the technique 
of the latter may be regarded as being a less precise modification of 
that of the former. But the method of objective stigmatoscopy ab- 
solutely requires a thin unsilvered mirror and a specific brightness 
such as cannot be obtained without the Nernst lamp or an arclight. 

In cases of abnormal asymmetry or of negative peripheral total 
aberration (the latter of which not unfrequently leads to formation 
of cataract), the different states of refraction of the eye along different 
rays going through the pupil can be shown without difficulty by oph- 
thalmoscopic measurement of refraction by the method of the erect 
image. However, in this determination the measurement must be made 
in a tiny portion at right angles to the meridian section in which the 
variation of refraction is being investigated, and the diameter of the 
peephole of the ophthalmoscope may not be more than from 1.5 to 
2mm. In finding the refraction through different parts of the pupil 
another matter that is important is not to let the peephole be dis- 
located with respect to the pupil of the observer’s eye. The astigmatism 
that arises and the change of form of the papilla that is caused by it 
may have the same result. When the refraction varies, the radial 
principal section is always subject to a greater change of refracting 
power; and so the rule is, that, if for a displacement of the mirror with 
respect to the pupil of the patient’s eye the papilla appears to be rela- 
tively more extended in the direction of the displacement, an increase 
of refracting power is indicated; and vice versa. It is true, this method 
of showing the physiological aberration does not always succeed. This 
is undoubtedly because the place of greatest refracting power is so 
little removed from the centre; and the transversal asymmetry, which, 
unlike the direct asymmetry, does not vanish here, is conducive to 
indistinctness. On the other hand, it can often be shown that this 
indistinctness increases at first with decentration of the hole in the 
mirror, and then decreases, as the constitution of the bundle of re- 
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fracted rays demands. With well dilated pupil the relative extension 
of the diameter of the papilla parallel to the direction of the displace- 
ment of the hole in the mirror, that is characteristic of positive aberra- 
tion, can very often be observed. 

Other methods are based on ScHEINER’s experiment, which is the 
principle of Youna’s optometer and TscHERNING’s aberroscope. The 
results obtained with this last instrument have much to do with 
TSCHERNING’s theories; and therefore it might be worth while to give 
some space to its discussion. The instrument consists of two systems 
of perpendicular opaque lines ruled on the flat side of a planoconvex 
lens, which is held in front of the eye, from 10 to 20 cm away, and 
towards a luminous point. The shadows of the lines are seen in the 
blur circle produced by the artificial myopia. TscHERNING argues 
that the aberration of the bundle of rays refracted in the eye is positive 
or negative according as the curvature of the lines is concave towards 
the centre or convex, respectively. However, evidently the phenome- 
non here is one of optical projection. The writer has shown that 
while it does depend in some measure on the aberration, it involves 
also another magnitude that cannot be calculated in the living eye. 
Moreover, the aberration on which the curvature of the lines in the 
aberroscope depends is not that which is characteristic of the bundle 
of rays used in vision, but is the aberration that has been imparted 
to the bundle of rays by the refraction in the glass lens, which is all 
the more significant in this case, because the aberration generally 
changes with the convergence of the bundle of incident rays. 

That TscHERNING’s interpretation of the phenomena observed with 
the aberroscope is mathematically impossible, the writer has shown 
in the following way that anybody can understand. Consider the 
reduced eye, and suppose that the bundle of rays that issues from the 
lens of the aberroscope is free from aberration; then the shadows of 
the ruled lines as formed on the refracting surface will be simple curved 
lines, lying in planes that intersect each other in the image of the 
luminous point made by the planoconvex jens. But in order that these 
shadows should form straight lines on the retina, these planes would 
have to pass through the image of the luminous point in the eye, on 
the supposition that the bundle of rays was free from aberration after 
being refracted through the eye. Now this is impossible unless the 
image-point in the lens is at the centre of curvature of the refracting 
surface of the reduced eye. 

What is actually found in the investigation with the aberroscope 
is the sign of the distortion-value for the optical projection, on the as- 
sumption that the eye is a system of revolution. Provided there is no 
1efracting surface between the lines to be projected and the screen, 
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that is, between the ruled lines on the aberroscope and the retina, it is 
true that the sign of this magnitude does depend simply on the sign 
of the aberration; and, consequently, there would be no objection to 
the conclusions derived from investigations with the aberroscope, 
provided the instrument was set up in the vitreous humor! However, 
there is another factor besides an intervening refracting surface between 
the lattice of lines and the screen; and this factor cannot be calculated 
in the optical system of the eye, because the laws concerning it are not 
known for heterogeneous media. But it does depend on the distance 
of the lattice; and when this distance is considerable, it is appreciably 
affected by the aberration of the lens of the aberroscope. Thus, the 
value of the distortion whose sign is found by the aberroscope contains 
two terms, one of which depends on the aberration; and the sign of this 
term changes when the image of the luminous point falls beyond 
the retina, whereas the sign of the other term does not change. Con- 
sequently, the sign of the aberration of the bundle of rays refracted 
in the eye can be obtained by the investigation with the aberroscope, 
provided the curvature of the shadows changes sign according as the 
image of the luminous point falls on one side of the retina or on the 
other. Now, as a matter of fact, this does happen as a rule with the 
normal eye, and therefore the normal positive aberration may be 
established in this way, but not in the way TscHERNING explains it. 
On the other hand, the aberroscope, like Youne’s optometer in this 
respect, is by no means sensitive enough to bring out the real com- 
plicated form of the caustic surface, because, on the whole, no con- 
clusion can be drawn from the curvature of the shadow-lines in the 
peripheral parts of the blur_circle. Perhaps, it might be exceedingly 
well adapted for diagnosis of abnormal asymmetry, because it tells the 
sign of the transversal asymmetry, provided the sign of the curvature 
of the central shadow-line does not change when the image of the 
luminous point crosses from one side of the retina to the other. 

The change of sign of the aberration during accommodation as 
reported by TscuEeRninG has not thus far been proved by investiga- 
tions with the aberroscope. Undoubtedly, as the writer himself has 
shown, the curvature of the shadow-lines can be seen to diminish 
during accommodation. But a change of this kind is bound to occur 
to some extent from the displacement of the image of the luminous 
point that is in front of the retina. It may be due partly also to the 
variation of the component of the distortion-value that is independent 
of the aberration-value. In order to show that the aberration varies 
during accommodation, it is absolutely necessary to prove first, by the 
method given above, that there is positive aberration in the case of 
emmetropic refraction (which means, of course, that the eye is properly 
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corrected) ; and then to cause accommodation by using more and more 
concave glasses, with corresponding variation of the original correc- 
tion; the aberroscope being placed directly in front of the correction- 
glass. Now if during accommodation under these circumstances the 
following appearances should take place in the order named: shadow- 
lines convex towards the centre, then the point of light, and finally 
shadow-lines curved the other way, meanwhile nothing being altered 
with respect to the correction of the eye and the distance of the 
aberroscope;—then, and only then, could the investigation with this 
instrument be said to prove that the normal positive aberration be- 
comes negative during accommodation. However, in spite of the publi- 
cation of the necessary mode of arrangement of the experiment', no 
such proof has been adduced. 

By an experiment with the luminous point also, TscHERNING 
thinks he has shown that the aberration changes sign during accom- 
modation. His method consists in comparing the appearance of the 
blur circle when the eye is made myopic by accommodation with 
its appearance when the eye is made myopic to the same extent by 
means of a convex lens. In the first case he finds a peripheral bright 
line parallel to the boundary line. However, owing to the peculiarity 
of the caustic surface due to the so-called ‘‘creases”’ in it, it is a mathe- 
matical impossibility for a negative aberration to produce a blur circle 
with the appearance noted by TscHERNING. But in the same way a 
serrated section of the caustic surface should have been found beyond 
the axial focal point (such as occurs in the relaxed eye in front of this 
place), as proved, in one way, by the appearance of the bent-over 
part of the caustic surface that is seen when the pupil is dilated. 
On the other hand, as was mentioned above, the same appearance 
of the blur circle can be obtained as in accommodation by imitating, 
not simply the accommodative change of refraction, but also con- 
comitant pupillary contraction, and combining the convex lens with 
a correspondingly small hole. Any one conversant with the phenomena 
of diffraction will recognize immediately the nature of the dark line 
that is seen between the bright zone and the boundary line. TscHEr- 
NING’s experiment might perhaps be used as a popular illustration of 
the phenomenon of diffraction. As was explained above, subjective 
stigmatoscopy, employed as a scientific method, demonstrates a posi- 
tive aberration inside the optical zone even with the most powerful 
accommodation. And, therefore, the accommodative contraction of 
the pupil cannot be for the purpose of diminishing the effect of the 
aberration, since this effect is not troublesome even when accommoda- 
tion is relaxed, although it decreases anyhow during accommodation. 

1ZLoc. cit. Arch. f. Ophth. LIII, 2. 1901. 8. 239. 
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The skiaskopic investigation shows that in many instances a.change 
of sign occurs in the peripheral aberration during accommodation. 
Owing to the inherent sources of error in the method, this result cannot 
be said to be absolutely certain. But if it is established, it seems to be 
an expression of the change of aberration due to the accommodative 
change of form of the core-lens; because the latter must probably be 
accompanied by corresponding variations of the higher derivatives of 
the indicial equation, and these in turn affect the peripheral total 
aberration. 

During accommodation the asymmetry-values along the line of 
sight may vary, involving also a variation of the angle between the 
central ray and the line of sight, although this variation cannot be 
calculated. However, the central ray alone is responsible for the direc- 
tion of the optical axis, and, so far as the monochromatic aberrations 
are concerned, its role is the same as that of the line of sight when the 
aberrations are left out of account. Obviously, therefore, in conse- 
quence of what has been said, there may be an accommodative change 
of the direction of the optical axis, such as is actually observed. 

HELMHOLTz’s famous dictum, that the monochromatic aberrations 
of the eye are such as would not be tolerated in any good optical in- 
strument, is sometimes construed to mean that the eye is a very badly 
constructed optical affair—which HrLMHOoLTz never said and certainly 
did not mean. But another question that this statement raises is 
whether these aberrations are not serviceable and what is their purpose. 
First of all, it should be noted, as HreLMHoLTz pointed out, that a 
limit is imposed by diffraction to the physical sharpness of the image. 

The phenomena of the diffraction of light present exceedingly com- 
plicated mathematical problems that cannot be solved very exactly 
except in special cases. The so-called FRAUNHOFER diffraction pheno- 
mena illustrate what is meant here. These are the effects that are 
observed when light goes through a round aperture on the supposition 
that the source of light and the screen are both infinitely distant. The 
latter condition is satisfied by adjusting an optical system beyond the 
aperture so that its focal plane acts as the screen plane. Under these 
circumstances, a luminous point is reproduced as a bright dise sur- 
rounded by alternately bright and dark rings. The border of the central 
bright disc, whose brightness fades towards the edge, is at the first 
minimum of light as represented by the smallest dark ring. Let ¢ 
denote the angular distance of this minimum from the axis; then 


i 1.22 
sin g¢=1.22— 
1 199 7 


where ) denotes the wave-length of the light and R denotes the radius 
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of the circular aperture. The angle is so small that it is sufficiently 
accurate to substitute the angle itself in place of its sine. Hence, if ¢ 
is expressed in minutes, the formula becomes 


1.22 nN 
~ R 0.00058 
Therefore, for light of wave-length 0.00058 mm, the formula is: 


1322's, 
g R , 
where Ff is expressed in millimetres. According to the above, the 
angular diameter of the projection of the bright central disc on the 
infinitely distant object-plane is equal to 2v. However, owing to the 
way the brightness fades out towards the edge, two points do not have 
to be at this angular distance from each other to be seen separately. 
Half of it is supposed to be enough for the purpose; and so the angle ¢ 
is the conventional measure of the resolving power of the instrument. 
No matter how much the refraction of the rays may be improved in 
the optical instrument on the other side of the aperture, and no mat- 
ter how much the image in the focal plane may be magnified, the 
limit of efficiency is determined by the resolving power, entirely in- 
dependently of all these devices. 

This calculation is applicable at once to all optical systems that are 
focused for infinity, provided the stop is in front of the first refracting 
surface or coincides with its contour. It applies, therefore, to the re- 
duced eye, in which the pupil coincides with the refracting surface. 
In the human eye, where the pupil is beyond the cornea, all we can 
get is an approximate value of the resolving power, by substituting in 
the formula the radius of the entrance-pupil. Of course, \ denotes the 
wave-length of the light in air; and the indices of refraction of the 
aqueous humor and vitreous humor are not involved in any way, 
because the value of ¢ is based on a projection in the object-space. 
The question is properly treated by ScHusTeR! and GLEICHEN,? but 
both Drupe? and Pockets‘ base the calculation on the wave-lengths 
in the aqueous and vitreous humors. PocKE.s uses light of wave- 


iDeat te 
length 0.00057 mm in his calculation, and finds 2¢ = 7 144". The 


formula given by HetmHoutz on page 196 applies to the reduced eye. 
By substituting in this formula 


1 ArTHUR ScuusteER, An introduction to the theory of optics. London 1904. 

2 A. GLEICHEN, inftihrung in die medizinische Optik. Leipzig 1904. 

3 Paut Drupe, Lehrbuch der Optik. Leipzig 1906. 

4A. WINKELMANN, Handbuch der Physik. 2. Aufl. 6. Bd. Leipzig. 1906. 8S. 1075. 
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no “ 
29,,2R for —, nl, d, respectively, 
r 


the formula given above will be obtained. The reason why HELM- 
HOLTz’s formula contains the index of refraction, is because it does not 
give the angular size of the apparent bright area in the object-space, 
but the actual size of it on the retina; which is obtained by using the 
wave-length of the light in the refracting medium. It is true that 
HetmuHo.tz calculated the size of the disc on the retina by putting 
\ =1 instead of \ =nl; but in calculating the angular size in the object- 


Om no : 
space, he put 2» aa instead of 2 =~) as can be seen from his num- 


bers; so that the final result of the calculation is correct. Evidently, 
it was just an oversight in setting down the figures. The results found 
by Drupr and Pockets can be obtained by substituting in Heum- 
HOLTz’s formula the wave-length of the light in the refracting medium, 
without taking into account the fact that for the projection of the 
retinal image of the bright disc in the object-space the index of re- 
fraction has to be used again. 

The general formula, therefore, has to be used for the resolving 
power of the eye. For an entrance-pupil 2 mm in diameter and for 
yellow light of wave-length 0.00058 mm the value of this angle is found 
to be 1.22’; and for blue-green light of wave-length 0.0005 mm, 1.05’; 
while a distant luminous point has twice this apparent size. The angu- 
lar measure of the resolving power is directly proportional to the wave- 
length and inversely proportional to the diameter of the entrance- 
pupil. Hence, for an entrance-pupil of 3 mm it is 0.82’ or 0.7’ for the 
wave-lengths selected above. Owing to the distribution of light in the 
solar spectrum and still more in the spectra of artificial sources of light, 
the former number is the one to be used for a comparison with the 
visual acuity of the eye. If in this comparison account is taken of the 
fact that, on account of the conventional definition of the resolving 
power, the angular measure was rather too small than too large, the 
result is that the limit of the visual capacity of the eye as imposed by dif- 
fraction, as far as it can be calculated, is attained by the visual acuity of 
the normal eye with a pupil of the size corresponding to a good illumina- 
tion. 

Thus, we see again that the complicated aberrations of higher order 
that are present in the eye and the astonishingly large positive aberra- 
tion within the optical zone do not impair the visual acuity with a 
pupil of the size mentioned. However, the dioptrics of the crystalline 
lens tells us that the former aberration is due entirely, and the latter 
in large measure, to the fact that the lens is composed of a hetero- 
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geneous medium. The great advantage of such a medium is the eleva- 
tion of the total index that takes place in accommodation, which de- 
notes a change of optical focusing that is out of proportion to the change 
of form, and unattainable with homogeneous media caeteris paribus. 
The monochromatic aberrations are the necessary evil for obtaining 
this advantage; and even if the convergence of the rays is not so good 
as it might be, the clearness of the image in good illumination is still 
above the limit of the capacity of the eye as imposed by the laws of 
diffraction. Hence, the monochromatic aberrations are a witness for 
the perfection of the eye, if what is meant by the perfection of an optical 
instrument is good convergence of rays to the degree that is needed 
to obtain the greatest useful sharpness of image; anything in excess 
of this being sacrificed in order to gain some other end. 


VI. Ophthalmoscopy'! 


Ophthalmoscopy in the widest meaning of the word includes all 
the dioptrical methods of investigating the various parts of the eye; 
but in its narrower sense as meaning the observation of the fundus 
of the eye, ophthalmoscopy has always been a subject of the greatest 
interest for physiology ever since HELMHOLTz’s invention. of the oph- 
thalmoscope. It deserves to be ranked highest of all the dioptrical 
methods as being the most beneficial and having the greatest practical 
importance. 

The theory of the illumination of the eye was expressed by Hrtm- 
HOLTZ in his famous Proposition II (p.231) as follows: “If the pupil of 
the patient’s eye is to appear luminous, the image of the source of light 
on his retina must either wholly or partly overlap the image of the 
observer’s pupil.’? Now what is meant here is an indistinct image 
composed of blur circles; and yet the statement is not absolutely 
correct, because the projection of the light-source or of the pupil of 
the observer in the pupil of the patient’s eye, as it is produced in 
certain ophthalmoscopic methods, is, strictly speaking, not a question 
of an image on the retina at all or even of an indistinct image. By 
introducing the idea of the so-called region of radiation of an optical 
system, a statement can be formulated which will include all cases. 
The fundus of the eye must be illuminated in order to emit light. Con- 
sequently, there is always an illwmination system, which extends from 

1 FThis article on “Ophthalmoscopy” was not included in the original appendices in 
the first volume of the third edition of The Treatise on Physiological Optics. It is taken from 


Professor GutisTRANp’s book entitled Hinfihrung in die Methoden der Dioptrik des Auges 
des Menschen (Leipzig, 1911), pp. 55-90. (J. P. C. 8.) 
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the source of light to the fundus of the patient’s eye, and for which 
the contour of the source of light is to be regarded as the aperture 
stop. On the other hand, the ophthalmoscopic system proper, or the 
observation system, extends from the fundus of the patient’s eye to the 
entrance-pupil of the observer’s eye. Now evidently, the condition of 
illumination of the eye ts that-part of the fundus of the patient’s eye shall 
be at the same time in the radiation region of the illumination system 
and in that of the observation system. 

Moreover, a necessary condition of ophthalmoscopy is that in the 
observation system an optical image of the fundus of the patient’s 
eye shall be cast at a distance for which the observer’s eye can be 
accommodated. Experience alone can decide whether, with a certain 
disposition of apparatus, the fulfilment of these two fundamental 
conditions is also sufficient to enable details of the fundus to be seen. 
For some requirements, either as to sharpness and magnification of 
the image or as to brightness and extent of field, the above conditions 
are not enough, and another condition has to be imposed whereby 
the harmful light in the patient’s eye due to regular or diffused reflec- 
tion must not be permitted to enter the observation system. The 
methods in which this latter condition is likewise satisfied will be called 
the methods of ophthalmoscopy without reflex (or reflex-free ophthal- 
moscopy) as distinguished from all the other methods of simple 
ophthalmoscopy. 

For simple ophthalmoscopy with erect image, in case the eyes of both 
patient and observer are emmetropic, nothing more is needed in the 
way of instruments than an object-stand and a candle. The source 
of light is adjusted to one side of the patient’s eye and moved down- 
wards until no direct light any longer falls on the iris of this eye. 
The glass plate used for the mirror is held by the operator in a vertical 
plane in front of the eye, and as near it as possible, and turned until 
the light reflected from it falls on the pupil. Placing the pupil of his 
corresponding eye on the line joining the centre of the pupil of the 
patient and the middle of the virtual image of the flame in the mirror, 
without using his accommodation, the investigator beholds the details 
of the fundus of the eye as a small, brightly enough illuminated spot. 
By changing the adjustment of the mirror, with corresponding move- 
ments of his own head, or by varying the direction in which the pa- 
tient looks, the observer can cause this spot to traverse the fundus of 
the eye to suit himself, although of course it takes practice to do it 
properly. The essential disadvantage connected with this simplest 
method of ophthalmoscopy with transparent mirror is the small field 
of the illumination system, whereas its feeble brightness is of secondary 
importance. In the dim illumination of the room by the weak source 
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of light the pupils of both patient and observer are dilated, and the 
small amount of light reflected into the eye produces very little con- 
traction of the pupil of the patient. However, the intensity of illumina- 
tion on the retina of his eye in the central part of the luminous area is 
proportional to the square of the diameter of the pupil, because, for 
emmetropic focusing, the useful exit-pupil is equal to the entire exit- 
pupil, provided the least width of the source of light is not less than 
the diameter of the exit-pupil of the eye. Moreover, supposing both 
eyes are emmetropically adjusted, the pupil of the observation system 
in the intervening medium between the two eyes is the smaller of the 
entrance-pupils, and the solid angle subtended by the useful exit-pupil 
at the fovea of the patient’s eye is proportional to the square of its 
diameter. Hence, unless the pupil of the observer’s eye is smaller 
than that of the patient, the intensity of illumination in the fovea of 
the observer is proportional to the fourth power of the diameter of the 
pupil of the patient’s eye. Besides, the reflex from the cornea is so 
feeble that the blur circle which it makes in the observer’s eye does not 
interfere with seeing, because the details of the fundus can be seen 
through it, so to speak. The result is that for physiological relations 
the brightness is generally completely sufficient, provided in investigat- 
ing the fovea the image of the source of light does not fall on the 
centre of this region; which usually causes such a contraction of the 
patient’s pupil that the apparent brightness of the fundus becomes too 
small in comparison with the brightness of the blur circle due to the 
corneal reflex. Hence, ordinarily, nothing is gained by increasing the 
specific brightness of the virtual image of the light-source in the 
mirror, because the brightness of the image reflected from the cornea 
increases in the same ratio. Hrtmuo.itz advised for this purpose 
making the light fall more obliquely on the plate, or using several plates, 
but this method was not a practical success. With a large angle of 
incidence it is not so easy to protect the iris of the patient’s eye from 
direct light, and light coming directly in this eye has an unfavourable 
effect on the size of the pupil. Besides, when the iris is illuminated 
directly, the brightness needed to recognize detail in the fundus is 
different from what it has to be otherwise, and this interferes with the 
observation. On the other hand, when more plates are used, the 
diffusely reflected light gets to be of more importance; for it is not an 
easy matter to keep the six glass surfaces of HrtmHottz’s ophthalmo- 
scope clean and free from dust. The field of the illumination system 
increases with the solid angle subtended by the source of light in the 
pupil of the patient’s eye, and hence it is larger with a larger source 
of light, and when it is placed as near the mirror as possible. But it 
should be noted that this involves also an increase of brightness of the 
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blur circle in the observer’s eye due to the reflex image in the cornea, 
and it will not be so easy to see through it. This is all the more true 
when an image of the source of light is projected in the patient’s eye 
with a convex lens, as HELMHOLTz proposed. 

For the reasons above mentioned, the opaque mirror with a peep-hole 
is considered better for direct ophthalmoscopy by the method of the 
erect image. Since the central hole in the mirror has the same effect 
in the illumination system as a screen casting a shadow, whereas in the 
observation system it acts like a pupil or window, the connections here 
are rather complicated. However, on the one hand, the pupil of the 
observer’s eye through which very little light enters, and which is 
enlarged by closing the other eye, is usually big enough not to be the 
pupil of the observation system; and, on the other hand, the window- 
effect of the aperture in the mirror may be disregarded, because, as the 
method is employed in practice, this effect is compensated by continual 
movements of mirror, head and eye. Practically, therefore, the hole 
in the mirror and the pupil of the patient’s eye do not enter into 
the calculation except as apertures in the observation system. In 
order to calculate the field of the observation system, suppose that CD 
in Fig. 147 represents the diameter of the hole in the mirror, and'AB the 


Fig. 147. 


diameter of the entrance-pupil of the patient’s eye, in a pair of parallel 
planes perpendicular to the axis of the observation system at the centres 
of these apertures. The entire or total field of the observation system 
is defined then by the angle AHZB =», and the unshaded (unvignettierte) 
field by the angle AFB=w. Putting CD=1, AB=p, and d equal 
to the interval between the two apertures, we find for the tangents 
of the angles made by the lines BC and AC with tle perpendicular 
drawn from C to AB the following expressions: 
v pl wo pl 
tan —=——,, 2S ae 


ry BaD 


G.] VI. Ophthalmoscopy 447 


However, these angles are so small that they can be substituted here 
in place of their tangents; consequently, 
ptl p—l 
——— o=—- 
d d 

With the degree of accuracy attainable by the laws of the first order, 
there would be no sense in using here a more exact schematic eye than 
the reduced eye; and hence AB is its own image after refraction in 
the dioptric system of the eye, and all we have to do is to determine 
the points conjugate to H and F. Suppose that the light proceeds from 
F towards AB, and let the distances of H and F from AB be denoted 
by e and f; so that 


Let D denote the refracting power of the optical system of the reduced 
eye whose principal points coincide at the middle of AB; consequently, 
the reduced distances of the points conjugate to # and F are found 
from the equations: 


1 Be 1 1 D+ 1 
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Now the lines drawn from these points to the ends of AB determine 
the complete field on the retina and the unshaded (unvignetted) 
field. Hence, if the angular diameters of these fields are denoted by V 
and Q, and if the reduced length of the eye is denoted by b, we may 
write the following expressions for the extent of the field of the observa- 
tion system: 


b p+l 
v=2(1-—) =p(1—bD) +b. —, 
é 
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Like all similar formulae, these equations may be used with any system 
of units, provided the reciprocal of the refracting power is measured in 
terms of the same unit of length as the other linear magnitudes. Thus 
if D is given in dioptries, the unit of length is the metre. 

The point F lies always in front of the anterior focal point of the 
eye or beyond the pupil, whereas the point Z may be on either side of 
the focal point or at it. Thus, while f is invariably positive, e may be 
finite or infinite, positive or negative. Consequently, the formulae 
show that, as long as f’/>b, the unshaded field is smaller when 
the axis of the eye is longer. When we investigate the illumination 


448 Dioptrics of the Eye [G 


system, we shall find that f is always greater than 6 Moreover, it 
appears that the complete field in all eyes is equal to the size of the 
pupil, provided the point E is at the anterior focal point of the eye. 
When E is nearer the eye than this, the complete field is larger, and 
vice versa. In either case the difference between the diameters of 
field and pupil is proportional to the length of the axis of the eye. If A 
denotes the refraction of the eye, then 


1—bD=DA; 
Q 
consequently, aris v+pA, ane w+pA, 


where the expressions on the left-hand sides of these equations are the 
principal point angles corresponding to the field-diameters. That is, 
they are the measures of the angular diameters of the field. Now, 
obviously from what has been stated, these angles are always positive, 
although for an hypermetropic eye it may happen that 1>p. There- 
fore, other things being equal, the angular diameter of the field in- 
variably increases with increase of refraction of the eye, and con- 
sequently is greater in hypermetropia than in myopia. The value 
of v or of w for the emmetropic eye may be taken as the criterion, and 
will be designated therefore as the characteristic angular diameter of the 
field. It can be found exactly by using the formulae above containing 
the trigonometrical tangents. After all, however, the results of this 
investigation of the ophthalmoscopic field are to be regarded only as 
approximate, since they have been obtained by using simply the laws 
of the first order. Moreover, they have been derived on the assump- 
tion that the window-effect of the pupil of the observer’s eye is com- 
pensated by movements of the head. By combination of these move- 
ments with displacements of the mirror and corresponding rotations 
of the observer’s eye, a displacement of the field is produced on the 
fundus of the eye which amounts to a considerable addition to the re- 
gion that can be seen. Now in order for these movements to have 
the most effect, the three apertures of the observation system should 
be as near together as possible. Moreover, not only the unshaded 
field but the entire field becomes larger when the interval between 
the mirror and the patient’s eye is diminished, as appears from the 
formulae above. Hence, evidently, in the investigation with erect 
image, a good ophthalmoscope should be made in such a way as to 
enable the observer to get so close to the patient’s eye that their 
foreheads come in contact during the investigation. For the same 
reason, aS was pointed out above, the corresponding eyes of observer 
and patient should always be used in ophthalmoscopy with erect 
image, that is, either the right eyes of both individuals or the left eyes. 
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In order to produce an image of the fundus, for any arbitrary state 
of refraction of the patient’s eye, at a place where it can be seen dis- 
tinctly by the eye of any observer who desires to investigate it, it must 
be possible to insert conveniently lenses of many different powers 
behind the hole in the mirror, as they may be needed. But when the 
mirror is very close to the patient’s eye it will be inclined to the axis 
of the observation system, and an oblique position of the lens usually 
involves astigmatism and a consequent impairment of the image. 
In order to avoid this, we must always count on a finite distance 
between the lens and the hole in the mirror, and therefore the lens- 
aperture must have a diameter big enough not to involve any so-called 
window-action. Suppose D, denotes the refracting power of the 
interposed lens, which may be cons dered here as infinitely thin; and 
m denotes the reduced distance of the first principal point of the ob- 
server’s eye from the optical centre of the lens (designated by M). 
The observer’s eye is supposed to be accommodated for distinct vision 
at a certain point O on the axis of the observation system. The 
refracting power of his eye for this focusing may be denoted here by D. 


1 
Let a=] denote the reduced distance of the point O from the first 


1 
principal point of the observer’s eye; and, moreover, let i denote the 


m 


reduced distance of this same point O from the point M. Now at the 
same time the patient’s eye is accommodated to see distinctly a point 
O’, where O, O’ designate, therefore, a pair of conjugate points on the 
axis of the interposed lens. The symbols m’, D’, A’, A’n, etc., have 
the same meanings with respect to the patient’s eye as the symbols m, 
D, A, Am, etc., respectively, have with respect to the observer’s eye. 


The refracting power of the lens is equal to An+A’n. It may be as- 
sumed here with sufficient accuracy that the anterior focal point of the 
observer’s eye coincides with the optical centre of the lens, and hence 
A, =L, where L denotes the reduced focal point convergence of the 
bundle of rays incident on the observer’s eye. Hence the refracting 
power of the lens of the observation system can be put equal to the sum 
(A’, +L). 

In order to study the magnifying power in ophthalmoscopy by the 
method of the erect image, we have the following general formula (as 
on p. 364): 

ce seal dtt AA d), 
ao 
where D, denotes the refracting power of the compound optical 
system composed of the lens and the patient’s eye, and A,, denotes the 
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distance of the point M from the anterior focal point of this system. 
And if in this formula the values 
o ip iad OW Ne & GION 
a a é ? An= <= c= 
ee SRE Des 


are substituted for Do and A,,, we obtain: 


=<" =Dyt1g'D'A n= D'(1—1m0'A'n)- 
ao 

Since for emmetropic focusing of the observer’s eye the angle w,, is 
equal to the principal point angle, this formula gives the absolute 
magnifying power, which, on the supposition of such focusing, is equal 
to Do. Since m’, is always positive, the magnifying power is greater 
when the patient’s eye is myopic than when it is hypermetropic; and, 
generally, the magnifying power diminishes as the refraction of the 
patient’s eye becomes greater. Estimating the refracting power of 
the optical system of the eye roughly at 60 dptr, and assuming m’y 
equal to 1 em, we may say, in the conventional mode of reckoning, 
that in emmetropia the magnifying power is 15-fold; and N% greater 
or smaller in myopia or hypermetropia, respectively, where NV denotes 
the numerical value of A’,,. Thus, in the cases that occur in practice 
the magnification number varies between 13 and 18. 

On the above assumption of the coincidence of the optical centre 
of the lens and the anterior focal point of the observer’s eye, wm denotes 
the focal point angle. Hence, with relaxed accommodation the size of 
the retinal image in the observer’s eye is independent of the axial length 
of the eye; and 


/ 
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denotes the magnification-ratio for the imagery of the retina of the 
patient’s eye on the retina of the observer’s eye. 
Since 
ws =aoD’, = 1m A'n 
Wy 
the general expression for the magnifying power may be written in the 
form 


=s De 
Wm= —Wm ; 


where the negative sign is due to the fact that the two eyes are looking 
in opposite directions, and because no change of sign is to be made in 
the equations defining the angles w. 
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The following two expressions for the individual magnifying power 
are obtained by using the principal point angle: 


a laos patie Oeae i peta 
ao 1+m’A’ 
the latter of which shows in ‘the simplest way the effect of the accom- 
modation of the two eyes and the action of any astigmatism that may 
be present in the patient’s eye. Evidently, the magnifying power is 
reduced by accommodation on the part of the observer and increased 
by accommodation on the part of the patient; although the variation 
of the refracting power of the lens in the observation system needed to 
compensate accommodation is in the same direction in both cases. 
Moreover, for investigating the fundus of an astigmatic eye the re- 
fracting power of the lens is so chosen that by using accommodation 
the imageable lines of both systems of imagery can be seen distinctly 
in succession. Hence, both A and A’ must have different values for 
the two principal sections; for the condition that (A’n+A,) shall 
remain constant, is satisfied by accommodation on the part of the ob- 
server. Imposing this condition, and denoting the magnification-ratio 
= —;by K, or by K; according as A’ is equal to A’; or A’2, respectively, 
h 

a fairly complicated expression is obtained for the distortion due to 
astigmatism, as measured by the ratio — in which the distortion 
depends not only on the astigmatism but also on the refraction states 
of the two eyes. However, in actual practice the numerical values of 
expressions of the type mA are so small as compared with unity that, 
where simply the imagery-laws of the first order are used, it is justi- 
fiable to neglect the higher powers of these products. Hence the 
following approximate formula of the astigmatic distortion, which is 
obtained in this way, is sufficiently accurate for practical purposes: 


ge edna) 
K, (m’+m) (Ar 2 
Since a smaller value of the refraction of the eye means a higher 
refracting power for it, the magnifying power is greater in that one of 
the principal sections, which is the more highly refracting. In case 
the observer has not the necessary power of accommodation, then in- 
stead of one of the images, or instead of both of them if he selects an 
intermediate focus, there will be an optical projection; for which the 
image of the centre of projection in the medium between the first 
principal point of the observer’s eye and the lens must be substituted 
instead of this principal point. Accordingly, m here denotes the 
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distance of this image of the centre of projection from the optical 
centre of the lens used; and A denotes the convergence of the bundle 
of object-rays as measured at this same point. By the same process 
as before the same formula is obtained; and hence all that is neces- 
sary is to substitute the given value in place of m in the approxi- 
mate formula above. However, it should be observed that in this 
approximation the difference between the distance of the centre of 
projection and that of its image from the optical centre of the lens is 
neglected in the product obtained by multiplying by the refraction. 
The hole in the mirror for all ordinary sizes that are used acts as the 
centre of projection; and so its distance from the lens, counted nega- 
tively, has to be substituted for m, and m’+m=d. The distortion is 
found to be less than in the ordinary investigation. 

The astigmatic distortion thus found applies only to magnification 
of detail, with which the movement of the observer’s eye has nothing 
to do. Usually, however, the distortion is estimated by the apparent 
form of the papilla, for which vision with the mobile eye is required. 
In this case the centre of rotation of the eye is to be taken as centre of 
projection; which amounts roughly to increasing the magnitude 
(m'+m) in the approximate formula by about 1 cm, in order to obtain 
an expression for the apparent distortion. 

The intensity of the light in the observation system is measured by the 
solid angle subtended by the exit-pupil of this system; the intensity of 
illumination on the retina of the observer’s eye being equal to this 
intensity multiplied by the specific intensity of the light of the illu- 
minated retina of the patient’s eye. Having constructed the image of 
the hole in the mirror as cast by the optical system of the patient’s 
eye, from the extremities of a diameter of this image draw a pair of 
lines to the opposite ends of the parallel diameter of the pupil, inter- 
secting on the axis at the point defined by f’ on page 447. Now since 
f’>b, this point lies behind the retina, and hence the image of the hole 
in the mirror subtends at the retina a smaller solid angle than the 
pupil. Moreover, as in ophthalmoscopy the retina of the observer’s 
eye is imaged on that of the patient’s eye, the image of the hole in the 
mirror is the entrance-pupil. 

Using the reduced eye as being accurate enough for this investiga- 
tion, we find for the solid angle subtended by the exit-pupil the fol- 
lowing value: 

TD B? 
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where n denotes the index of refraction of the vitreous humor, and p, 
is the diameter of the useful pupil of the eye, the latter magnitude being 
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defined as follows: The useful pupil is the projection on the pupil of 
the image of the hole in the mirror, as formed by the lens of the ob- 
servation system, from the point, on which the observer’s eye is focused, 
as the centre of projection; and its diameter is given by the equation: 
4 pilin l ( 1 m'—d ie 1=(m'—d)A'n 
f Ae Dion" S ODN ASn SO ODiyf ort ASAT] 
It follows that 


i 1—mA,n, 

1—(m’—d)A’,,’ 
and hence the useful pupil of the eye is greatest when the observer is 
hypermetropic and the patient myopic. Substituting the value 


1—mAn 
1—mAn 


in the expression for the solid angle subtended by the exit-pupil, we 
may write this expression as follows: 


—{ 1—mA m \ 
4n? (1—(m’—d)A’m 


Accordingly, in case the optical centre of the lens is at the anterior 
focal point of the observer’s eye, the intensity of illumination on the 
retina of this eye depends simply on the refraction of the patient’s 
eye. 

In the illumination system let us try, first, to estimate the mutual 
influence on each other of the hole in the mirror and the pupil of the 
patient’s eye, apart from the source of light. As was shown above, the 
complete shadow between the points conjugate to F and E in Fig. 147 
due to the hole in the mirror extends into the medium beyond the op- 
tical system of the patient’s eye. Hence, the first point must neces- 
sarily be beyond the retina, if the central part of the field is to be 
illuminated. It is true this is not absolutely necessary, because it is 
possible that the observation system is not centered. Since the dark 
spot on the fundus of the eye made by the shadow is always central 
around the axis of the observation system, it is extremely disturbing in 
its effect. Therefore, perhaps not so much in the actual practice of 
ophthalmoscopy, but certainly for ophthalmoscopy with a centered 
observation system, the condition f’ >b, as formulated above, has to be 
satisfied. Now this is equivalent to saying that the hole in the mirror 
shall be the pupil of the observation system; and therefore it defines 
also the greatest diameter that this opening can have for a centered 
observation system. In order to obtain a practically useful expression, 
all that is necessary is to project the hole on the pupil from the point 


Pr= 
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on which the eye is focused. Thus, for the condition as to the size of 
the hole in the mirror, the following formula is obtained: 


l<p(1+dA). 


If this condition is not satisfied, then, as stated above, the observa- 
tion system will have tobe decentered. This is accomplished by 
decentering the mirror until it no longer acts as a perforated mirror, 
but merely transmits to the eye the light reflected from one side of the 
hole. This method of using the perforated mirror comes therefore 
under the head of ophthalmoscopy with an unperforated mirror, and 
will be considered when we come to treat of that subject. 

Supposing, however, the above condition is satisfied, the values of 
wand © for the extent of the field as seen through the hole in the mirror and 
the pupil without being shaded off, are obtained in the same way as in 
the observation system. But beyond these limits, except for such 
shading off of the field as is due to the position and size of the actual 
source of light, the shading off of the field occurs in the reverse sense, 
with brightness gradually increasing out towards the periphery. 

There does not have to be any other shading than this in the field 
of the illumination system. Any window-action of the source of light 
itself can be obviated by casting an image of the source right on the 
fundus of the eye. In this case the shading off of the field in the 
illumination system and in the observation system being in opposite 
sense, the brightness of the ophthalmoscopic image is very uniform, 
provided the specific brightness of the source of light is itself uniform. 
Theoretically, by projecting an image of the source of light in the 
pupil or near by it, a larger field can be obtained without any shading 
besides. But, practically, nothing is gained in this way in simple 
ophthalmoscopy, because the investigation is hampered by greatly 
augmented corneal reflex, apart from the complication of the instru- 
mental arrangements. In order to enlarge the field, practically, 
therefore, there is no other choice except to produce an image of the 
light at some other place; which must be done at the cost of further 
shading off of the field. It would lead too far to attempt here a com- 
plete investigation of this matter; for since the contour of the source 
of light is to be considered as a stop, there are two apertures and a 
central screen that are involved, and for such a case the general 
formulae are rather complicated. Here, therefore, it will be sufficient 
to examine merely the questions that are of practical importance. 
Let the diameter of the image of the source of light in the mirror be 
denoted by q, and let the distance of this image from the mirror be 
denoted by c, this latter magnitude being reckoned as positive when 
the mirror is between the pupil of the eye and the image in question. 
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In the first place, with regard to the mutual action on each other of 
the image of the source of light and the hole in the mirror, the condi- 
tion will be imposed, as before, that there is no complete shadow on the 
fundus of the eye. This condition amounts to saying that the angle 
subtended by the image of the source of light at the point for which 
the eye is focused is greater than that subtended at this same point 
by the hole in the mirror. Let the symbol |K| be employed to denote 
the numerical value of any magnitude denoted by K; then we may 
write: 


1 1 
:|— d|>l:|—-+d 
that is, 
[1+ (c+a)A | 


Pieaas 
Neglecting powers of dA higher than the first and magnitudes of similar 
order of smallness as compared with unity, we derive the following 
approximate formula: 


q>l- |1+cA]; 


which gives, therefore, accurately enough the condition as to the size 
of the image of the source of light. Unless this condition is satisfied, there 
will be again a dark spot in the centre of the ophthalmoscopic field. 
But it is different from that described above in this way, namely, that 
with rotations of the mirror around an axis passing through the 
centre of the hole, without decentering the observation system, this 
spot undergoes displacements in the field of this system, and con- 
sequently is not so disturbing as the other spot was. However, since it 
is liable to cause confusion, it is best to satisfy the condition above. 
The characteristic angular size of the field that is not shaded off by 
the mutual action of the hole in the mirror and the source of light is 


—l 
found by the method used above, and is equal to ie According as 


the numerical value of this magnitude does or does not exceed a, the 
extent of the central unshaded field in the emmetropic eye is measured 
by the angle or by the other angle, respectively. 

The entire angular measure of the field of the illumination system is 
obtained in the same way as that of the observation system. If the 
characteristic angular size of the field is denoted by w, and if the linear 
dimension of the field on the retina is denoted by W, then 


w=—_, BW =w-+ pA. 


Using corresponding symbols \, A to denote the extent of the outer 
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borders of the field that is not shaded off by the mutual action of the 

source of light and the pupil, we obtain corresponding formule, 
namely: 

pd 

4 c+d z 

The intensity of the light of the illumination system depends on the 


area P,, of the useful pupil, the intensity of illumination on the retina 
being equal to 


BA=)+ pA. 
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where e denotes the specific intensity of the source of light. In order 
to find the useful pupil, the image of the source of light and the hole in 
the mirror must be projected on the pupil from the point of fixation of 
the eye as centre of projection. According as the projection of the 
image of the source of light is smaller or greater than the pupil, the 
area of the projection of the hole in the mirror must be subtracted from 
the area of the former or from that of the latter, respectively. Accord- 
ingly, P, is the same as the smaller of the two values given by the 
following expressions; 


m ( i m ( Vv ? 
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By auxiliary optical appliances the position and size of the image 
of the source of light in the mirror can be arbitrarily modified. But as 
one of the prime factors in the practical employment of the simple 
ophthalmoscope is the unhampered movement of the mirror, any 
combination of it with lenses, which (entirely aside from limitations of 
space) requires complicated manipulation for changing the direction 
of the incident light, is ruled out in advance. It is only in certain 
electrical forms of ophthalmoscope when the lamp and mirror are 
rigidly connected that such combinations as are referred to here are 
really practical. Generally speaking, therefore, the form of the mirror is 
the only optical method of influencing the image of the source of light. 
If it is a question of getting the largest possible field with the best 
possible brightness, evidently the lamp and mirror should be as near 


together as possible. Now the ratio eK depends merely on the 


size of the source of light and its distance, and not on the form of 
the mirror, since, in both the tangential and the sagittal imagery, the 
principal points coincide at the surface of the mirror. Hence, starting 
with the value of K’ that is practicable, we must see how the field and 
the intensity of the light are altered when c is varied. The simplest 
method to use for this purpose is that of differentiation; although the 
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process will be illustrated without this by the aid of Fig. 147. Treating 
K’' as constant, and hence q.dc=c. dq, we find by differentiation: 


dw K’d—p dy K'd+p 


de (c+d)?’ de (c+-d)?’ 

where the value of K’ is negative when c is negative, because the sign 
of g is always regarded as positive. As to the size of the entire field, 
c and w always have the same sign, as the image of the light source 
must never be between mirror and pupil on account of the prevalence 
of light reflected from the cornea. Hence, according as the value of 
the differential coefficient is positive or negative, the numerical values 
of c and w either both increase or decrease together, or as one increases 
the other decreases, respectively. But when c is negative, and therefore 
K’ is negative too, the differential coefficient is negative; and when 
cand K’ are positive, the sign of the differential coefficient will be the 


same as that of the magnitude (K’d—p). Since |K’| and . denote 


the angular diameters of the source of light and the pupil, respectively, 
as measured at the centre of the hole in the mirror, evidently, starting 
with a very concave mirror which is supposed to get flatter and flatter 
until it is plane and then more and more convex, the entire field of 
illumination will continually diminish, provided the angle subtended by 
the source of light at the centre of the hole in the mirror is smaller than 
the angle subtended by the pupil; whereas in the opposite case the field 
is least when c becomes infinite, and begins to increase again when the 
image of the source of light is virtual and comes nearer to the mirror. 
With regard to the part of the field that is not shaded off by the source 
of light and the pupil, the only cases of any practical importance are 
those for which (¢—p) is positive and A and } have the same sign. 
Under these circumstances, the signs of \ and ¢ are opposite, so that, 
according as the differential coefficient is positive or negative, the 
numerical values of \ and c vary in opposite directions or in the same 
direction, respectively. When c is positive, the differential coefficient 
is negative; and when c is negative, the sign of the differential coefficient 
is opposite to that of (K’d+p). The result is, that, provided the source 
of light subtends a greater angle at the centre of the hole in the mirror 
than the pupil, the part of the field that is not shaded off by the source 
of light and the pupil gets smaller and smaller when the form of the 
mirror is varied as described above; whereas in the opposite case, in 
the region g >, \A >0, the field increases when the image of the source 
of light is real, reaches its maximum value when c is infinite, and 
thereafter diminishes when the image becomes virtual. Both when 
the image of the source of light is real and when it is virtual, there is a 
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certain point, when the image approaches the mirror, for which the 
entire field is shaded by the mutual action of the source of light and the 
pupil on each other. Thus, putting A =0, we obtain: 
_p(i+dA) 
i pies 

in which the value of K’ is negative when c is negative. For em- 
metropia these points coincide with the points where the image of the 
source of light has been reduced, by bringing it nearer to the mirror, 
until it has the same size as the pupil; but for cases of decided ametropia 
there may be considerable departures from this rule, as the formula 
indicates. 

The effect-of the form of the mirror on the field of illumination may 
be illustrated by the aid of Fig. 147, as was mentioned above. For 
instance, suppose AB represents a real image of the source of light, 
and CD represents the pupil; the light proceeding from right to left, so 
that the point J in the diagram may be regarded as the centre of the 
hole in the mirror. Then by varying the form of the mirror, AB may 
be displaced farther to the left, without, however, altering the angle 
AJB. In this case it is plain that the angle AEB =w decreases, and 
the angle AFB =) increases; whereas if the point F were on the other 
side of J, the angle \ would decrease also when the interval between 


the mirror and the image increased. In the latter case, hen ree : 


but the opposite case is the one shown in the figure. These conclusions 
apply to the case when the image is real. When the image of the source 
of light is virtual, the point J will be between AB and CD, and every- 
thing happens in this case in similar fashion. 


The conclusions can be summarized as follows: For IK’ |>5, 


a real image of the source of light, for every reason, is better for the 
size of the field than an infinitely distant image, and the latter is better 


than a virtual image. On the other hand, for |K’| ae both a real 


image and a virtual image are better for the total size of the field, but 
worse for the portion that is not shaded off by the pupil and the source 
of light, than an infinitely distant image. Since in the practice of 
simple ophthalmoscopy by the method of the erect image the technical 
difficulties are augmented by reduction of the size of the pupil, and 


since there is no trouhle about realizing the condition |K’ | > with 


small pupil, usually the concave mirror is more advantageous when the 
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size of the field of the illumination system is kept in view. However, 
the curvature of the mirror must not be increased too much, because 
the disturbing effect of the corneal reflex will interfere in this case. 
The more of the light coming from the mirror that is intercepted by 
the pupil, the greater will be the portion of the flux of light, as deter- 
mined by the dimensions of the source and of the mirror, that succeeds 
in entering the eye. Hence the quantity of light penetrating the 
eye increases with increase of curvature of the concave mirror, and 
this causes the pupil to contract; all the more because in the larger 
field the macula region is more exposed to the illumination. Now 
since the total amount of light falling on the retina passes through the 
pupil, the proportion of the intensity of illumination on the fundus of 
the eye to the density of the light on the cornea and lens is never favour- 
able when the curvature of the mirror is increased; that is, the diffusely 
reflected light coming from these media is always a disturbance. The 
result is that for general use the radius of the mirror should not be less 
than about 15 cm. Of course, this limit is merely a fact of experience 
in agreement with the size of the pupil. If the pupil is dilated—as is 
usually the case in ophthalmological experiments in physiological 
laboratories and clinics—a more curved mirror may be used without 
disadvantage. But in practice the curvature mentioned above is 
found to be rather too high. It should be remarked too, that, owing to 
the astigmatism produced by reflection at oblique incidence, the size 
of the field has to be calculated separately in tangential and sagittal 
directions. 

In working with a mirror of this kind, with the ordinary sources of 
light, usually the field obtained is bright enough and of sufficient size 
for finding pathological variations, as long as the macula region is 
not under investigation. The corneal reflex, which for the other parts 
of the fundus does not hinder seeing, being more central here, is essen- 
tially more disturbing; because also the pupil is more contracted by 
reason of the stronger illumination of the centre of the retina. In 
many instances, therefore, it is not possible to investigate this region 
with this mirror without artificial dilatation of the pupil. Frequently 
the purpose is achieved by not attempting to have a big field and using 
a plane mirror and a small source of light. 

The intensity of illumination in the central part of the field, as 
shown by the formulae given above, does not depend on the form of the 
mirror, provided the source of light is not so small that P”, <P’. 
But if the latter is the case, the intensity for an emmetropic eye has 
precisely the same value for either a convex or a concave mirror of 
same radius. Hence, the common notion that a convex mirror involves 
weak intensity of light is true only with respect to the quantity of light 
that enters the eye. 
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The size of the mirror should be such that the field of the illumination 
system can be brought by a single rotation around an axis through 
the hole in the mirror to the farthest edge of the field of the observation 
system, without the mirror’s intercepting the flow of light. For an 
emmetropic eye this means that the surface of the mirror should extend 
above and below the hole for a distance equal to the diameter of the 
pupil; rather more than this towards the temporal side, and some- 
what less on the nasal side. With a round mirror therefore a diameter 
of 20 mm is ample, and should never be exceeded. A smaller diameter 
would be better, because less superfluous light would fall on the iris. 
The size of the hole with reference to the condition derived above 
should be made as small as possible with respect to the practical applic- 
ability of the mirror, and under no circumstances should be more than 
2 mm in diameter. The chief thing is to reduce as much as possible 
the detrimental space between the illumination system and the 
observation system. Hence the perforated hole in the glass mirror 
should be as thin as possible and cylindrical. A dull black surface on 
the inside of the hole is a matter of very great importance. Even in 
the best ophthalmoscopes a little reflex image of the source of light 
originates here, whose blur circle tends to obscure the ophthalmoscopic 
image. When the black surface is poor, the light from the blur circle 
may be strong enough to hinder the observation in case of a small 
pupil. They have tried to avoid this trouble by scratching off the 
silver from the mirror instead of boring a hole through the glass; and 
in fact this method reduces the detrimental space to a minimum. 
But a mirror of this sort has to be kept scrupulously clean on both sides, 
which takes a lot of time to use it for one thing; and, besides, there are 
technical difficulties as to its rear side. Quite recently PriestLey 
Smiru' has proposed cementing another glass on the rear side, which 
makes it easier to keep clean. How such a mirror works with the 
method of erect image, has not yet been ascertained by practical 
experience. 

Simple ophthalmoscopy with unperforated mirror is of no value as an 
independent method. Thus since the mirror must be at one side, its 
edge past which the observer has to look and the visible portion of the 
edge of the pupil act like windows, by which there is a one-sided shading 
off of the field. Besides, it amounts to having to look always eccen- 
trically through the pupil where the convergence of the rays is not so 
good as at the centre. But this method is used all the time in cases 
where in the ordinary investigation the pupil is so contracted that the 
condition as to the size of the hole in the mirror is not satisfied. Hence, 
as has been stated above, the mirror must be decentered and the per- 


1 A new simple ophthalmoscope. Ophthalmic Rev., XXIX. 1910. p. 33. 


G.] VI. Ophthalmoscopy 461 


forated mirror employed, therefore, as if it were not perforated. One 
advantage of it is that the edge of the mirror may be conveniently 
adjusted in any direction of the line of sight. This method is very 
frequently used for investigating the macula region with contracted 
pupil. We can tell when we are using it, because the movements of 
the mirror that are needed for it are automatic, on account of the fact 
that the macula region can be seen in an eccentric part of the blur 
circle of the hole in the mirror, but not in the central part. 


Simple Ophthalmoscopy by the Method of the Inverted Image 


If an image of the pupil of the observer is projected by a convex 
lens in the pupil of the patient’s eye, an inverted image of the fundus 
of the latter eye will be formed between the lens and the observer’s 
eye; and if the fundus is illuminated, the observer, by using his accom- 
modation or with the aid of a suitable lens, can see the image distinctly. 
The advantage which this method has over that of the erect image is 
in the possibility of getting a larger field. As this means that more 
light must be sent in the eye, the unsilvered mirror used with ordinary 
source of light is not to be considered. For practical reasons, we may 
likewise leave out of consideration the case of illumination with 
unperforated, opaque mirror, in which both mirror and light are placed 
to one side. On the other hand, both of these methods of illumination 
may be advantageously used in reflex-free ophthalmoscopy, and there- 
fore they will be discussed presently. With illumination by perforated 
mirror there are four apertures in the observation system, namely, the 
lens of the ophthalmoscope, the hole in the mirror and the two pupils. 
The window-action of the pupil of the observer’s eye is to all intents 
and purposes practically neutralized by the continuous movements 
of his eye and of the mirror. Hence, this aperture may be left out of 
account in determining the field, and the hole in the mirror is to be 
regarded therefore as being the entrance-pupil of the observer’s eye. 
Now if an image of this latter aperture is projected by the lens of the 
ophthalmoscope in the entrance-pupil of the patient’s eye, evidently a 
part of this pupil will not be covered by the optical image. For as no 
light leaves the hole in the mirror, its optical image is that of an opaque 
screen. Therefore, either the image of this hole must be smaller than 
the pupil of the patient or else it must be decentered with respect to it. 
The result is that the hole in the mirror must act as a pupil of the ob- 
servation system. In those ophthalmoscopic methods in which an 
image of the entrance-pupil of the observer’s eye is formed in that of 
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the patient’s eye, the symbol K was used to denote the magnifica- 
tion-ratio for this imagery; and, therefore, let the same notation be 
used here for the imagery of the hole in the mirror. Since the lens of 
the ophthalmoscope produces an inverted image of this hole, K is 
negative, and the diameter of the image is —KI/, where as above 
i denotes the diameter of the hole. Moreover, let Do denote the re- 
fracting power of the lens of the ophthalmoscope and L, its diameter; 
then since the distance between the lens and the entrance-pupil of the 
patient’s eye is equal to ss , the angular dimensions of the character- 
0 


istic field will be given as follows: 
Vv _Do(Lo— Kl) t @® _ Doo + KI) : 


an— = aa n— =— 
2  2(1—-K) yaaa Gea) 
However, KI being very small as compared with Ly, the shading off of 
the field as represented by the difference in the values of these two 
angles is practically of no importance at all; and hence the aperture 
angle w for the observation system may be defined by the equation: — 
(em) DoLo 
3 0 
2 2(1-—K) 
the aperture itself being given by the number 
DoLo 
1-K 

In ophthalmoscopy by the method of the inverted image, the mirror 
does not have to be inclined to the axis of the correction lens inserted in 
front of the observer’s eye, but the lens is placed close to the back of the 
mirror. Hence,in calculating the magnifying power (p. 362) in the obser- 
vation system it is sufficiently accurate to consider the hole as being 
where the lens is. In practical work the entire field cannot always be 
utilized. Similarly, the hole in the mirror is not invariably imaged in 
the pupil of the patient’s eye;so that the magnifying power will be cal- 
culated here for any adjustment whatever. The point in the observer’s 
eye or in the patient’s eye that is designated by M is to be regarded 
as the centre of the hole in the mirror or of the image of this hole made 
by the lens, respectively. Accordingly, 


’ 


m= — Kom! ; 


and hence substituting the principal point angle, just as was done in 
case of the erect image, we find: 


n 
—— = KB’. ——— = KD'(1—1m’A'»)(1+mA). 
n 
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The absolute magnifying power, therefore, for m’ =0, as is approxi- 
mately realized in the ordinary way of working, is equal to KB’; 
being inversely proportional to the axial length of the patient’s eye. 
Generally, the magnifying power in this case is independent of the 
accommodation of the observer’s eye, provided the change of focusing 
in the observation system which it causes is not compensated by change 
of the state of accommodation of the patient’s eye, but by a change of 
the correction lens. Varying the distance m’ on the same assumption, 
the distance of the lens from the observer’s eye being kept constant, 
we find that when the lens is so close to the observer’s eye that m’ is 
negative, the magnifying power is greater when the patient’s eye is 
axially hypermetropic than when it is emmetropic, but less when his 
eye is axially myopic. When the distance between lens and eye is 
increased, the magnifying power is unaltered for an emmetropic eye, 
but increases for a myopic eye, and decreases for an hypermetropic eye. 
When m’, =0, the image of the hole in the mirror is at the anterior 
focal point of the patient’s eye, and then the magnifying power is 
independent of the axial length of his eye, its absolute value being 
equal to KD’. But if the distance between lens and eye is increased 
still more, the magnifying power will be greatest in case of a myopic 
eye, and least in case of an hypermetropic eye. 

The reason why these results are different from the prevalent 
opinion on the subject is that most people are thinking chiefly of the 
size of the image made by the ophthalmoscopic lens, whereas the real 
criterion is the angle subtended by this image. 

If, when the interval between the lens and the patient’s eye is 
increased, the change of optical focus of the observation system is 
compensated by change of accommodation of the observer’s eye, the 
variations of magnifying power are qualitatively the same as before; 
but the point for which the magnifying power is independent of the 
axial length of the patient’s eye has a different position. According 
to the general law of optical imagery, the condition for seeing the 
fundus of the eye distinctly is 

moe 
where Dy denotes the refracting power of the system composed of the 
lens of the ophthalmoscope and the correction glass. By means of this 
equation and the relations formerly given between A and A,, and be- 
tween A’ and A’,,, A can be eliminated from the factor (1+mA). 
The resulting expression is fairly complicated; but if, just as in the 
case of the erect image, the higher powers of the products of the type 
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mA are neglected, the following approximate formula will be obtained 
by development in series: 


— == KB’) t+ KmDoo— (m’+ K?m) A’ ; 
ao 


= KDI + KmDoo— (mo’+ K?m) A’ \ 


Accordingly, when one and the same correction lens is used, the 
magnifying power is the same for different axially ametropic eyes, 
provided the image of the hole in the mirror is situated at a place be- 
tween the patient’s eye and its anterior focal point and at a distance 
from the latter equal to K?m. Practically, therefore, this place is not 
far from the focal point, because K? is seldom more than 1/9. 
Suppose the patient’s eye is astigmatic, the refractions in the first 
and second principal sections being denoted by A’; and A’s, respec- 


tively ;and let K, and K, be the values of the ratio =. when the patient’s 
wh 


eye is focused for the imageable lines of the primary and secondary 
systems of imagery, respectively. The following approximate formula 
for the astigmatic distortion is obtained by series-development: 


1 


=1—(m!+K*m)(A;'—A2’). 
K; 


If, in place of either imagery, or in place of both of them, there is an 
optical projection, the same formulae as in the case of the erect image 
are similarly obtained; but now m denotes the distance of the image of 
the centre of projection from the optical centre of the correction lens. 
But in ophthalmoscopy with inverted image the hole in the mirror 
is too big to act as centre of projection, and the magnifying power 
is so slight that even the form of the papilla is recognized with the 
immobile eye. Since, therefore, the pupil is the centre of projection, 
in making the calculation with the reduced eye, m has the same value, 
whether it is a case of an optical image or of an optical projection. 
It is evident from the approximate formula that the astigmatic dis- 
tortion when the lens of the ophthalmoscope is far from the patient’s 
eye proceeds in the same way as with the erect image, but when the 
lens is near the eye, the reverse relation occurs. Practically, the 
focusing for which there is no astigmatic distortion cannot be distin- 
guished from the adjustment for which the image of the hole in the 
mirror lies in the pupil of the patient’s eye. From the fact that, for 
m’ =(, the absolute magnifying power is independent of the refracting 
power of the optical system of the patient’s eye, it might be inferred 


G.] VI. Ophthalmoscopy 465 


that with this focusing there was no astigmatic distortion. But this 
is not mathematically true, as can be seen by considering what is 
meant by absolute magnifying power which supposes an emmetropic 
adjustment of the observer’s eye. Hence, for m’=0, the astigmatic 
distortion would not be abolished, unless the observer used a different 
correction glass in passing from one imagery to the other, so as to keep 
the adjustment emmetropic. 

In the same way as with erect image and on the same assumption, 
namely, that the optical centre of the correction lens is at the anterior 
focal point of the observer’s eye, the magnification-ratio for the image 
of the retina of the patient’s eye on that of the observer is given by the 
expression 


y 


KD 
— ao —mo'A’ m) 0 


The intensity of the light in the observation system is obtained from 
the same formulae as for ophthalmoscopy with erect image, by equating 
to zero the distance (m’—d) of the hole in the mirror from the correc- 
tion lens. If the value found for p, is not less than the diameter of 
the entrance pupil, the latter must be used instead of p,. 

In the tllumination system the condition —Kl <p for the size of the 
hole has been formulated already. If it is not satisfied, a decentration 
is necessary, whereby the pupil of the patient’s eye is covered only by a 
part of the image of the hole in the mirror. The only case that will be 
considered here is that of the centered system for which the illumina- 
tion system produces at the centre of the pupil of the eye the image of a 
screen that casts a shadow; so that, as a matter of fact, the aperture 
under these circumstances is an annular one. The other apertures 
that have to be taken into account are the lens of the ophthalmoscope 
and the contour of the source of light; the mirror itself being of such 
size that it has no influence on the radiation region. As in the in- 
vestigation of the erect image, let g denote the diameter of the image 
of the source of light as made by the lens of the ophthalmoscope in 
the medium in front of the eye; and let c denote its distance from the 
image of the hole in the mirror, the sign of this distance being reckoned 
in the same way here as in the previous investigation. Moreover, let 
K’ denote the angular diameter of the source of light as measured at 


the centre of the hole in the mirror, and puts =K’’. By means of the 


angular magnification-ratio we get then K” = — K Provided the 


effect of the aperture of the lens of the ophthalmoscope is not involved, 
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the same formulae can be used here as in case of the erect image; 
m’ being substituted for d and K” for K’, and the value — KI being 
used instead of I. The condition as to the image of the source of light, 
namely, 
q>—Kl|1+cA |, 

without which a complete shadow of the hole in the mirror is visible 
on the ophthalmoscopic image, is in this case absolutely valid for 
m'=0. When this condition is satisfied, the area of the useful pupil P,, 
is equal to the smaller of the following two expressions: 


iz 
P,"=——(p KP), P= =} 2 —— k/? \, 


4 \(+cA)? 
and the angular magnitudes of the characteristic field are 
Pd We p+q 
Cc : Cc : 


If D, denotes the reflecting power of the mirror and A, the reduced 
convergence of the bundle of rays that is incident on it, all that is 
necessary for determining the best form of the mirror for the case when 
m' =0 is to use the formula: 

2 


K 
= —=KD+D,+4A 8) 
( 


where the desired numerical value of c is substituted first with a posi- 
tive sign and then with a negative sign, since the value of q is the 
same in both cases. In this way two values D,: and D,2 will be ob- 
tained which depend on each other according to the relation: 


DoatDe.= —2(KD+A,). 


Therefore, supposing that in actual practice the image of the hole in 
the mirror is always in the pupil of the patient’s eye, there would 
be two equally advantageous forms of mirror to be selected. But since, 
for reasons to be explained presently, the value of m’ is very often 
negative, the form of mirror to be taken is that one of the two that is 
most advantageous in this case. In precisely the same way as in 
ophthalmoscopy with erect image, it follows that, according as m’ is 
positive or negative, a negative or positive value of c, respectively, will 
be more advantageous for the field of the illumination system. Thus, 
concave mirrors of such power, that the image of the source of light 
formed by them falls between the mirror and the focus of the ophthal- 
moscopic lens, are excluded from being chosen, because (—KD)+A) 
gives the maximum reflecting power of the mirror. With a mirror 
having this reflecting power, the image of the source of light is thrown 
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on the retina of the emmetropic eye, and there is no shading off of any 
part of the whole field. However, this latter advantage is usually 
offset by the fact that none of the available sources of light are of 
sufficient uniformity of brightness. It is better, therefore, to choose a 
somewhat larger focal length for the mirror, which will reduce the 
shaded part of the field, but increase the unshaded part. If in this way 
the decrease of c were allowed to go on until g =p, the unshaded field 
in the emmetropic eye would be contracted until it vanished entirely. 
Now since ophthalmoscopy with inverted image is not so much for 
the purpose of investigating detail as for the purpose of general survey 
of the image, this behaviour would manifest itself as a decrease of the 
intensity of light. In order to avoid this dimming of light, the best 
thing to do is not to reduce the curvature of the mirror any more than 
is just enough not to detect in the image any lack of uniformity of the 
source of light, even in the highest degrees of myopia. What this limit 
is depends on the peculiarity of the source of light and can be ascer- 
tained by experiment only. Besides, different investigators prefer 
different sources of light and different distances; and therefore it is 
easy to see that radii of curvature between about 60 and 30 cm can 
be used. Other things being equal, a longer focal length gives a bigger 
field, but a smaller portion that is unshaded; which gives the impression 
of less intensity of light. This is clearer still when a plane mirrot is 
used. 

By bringing the source of light nearer the mirror and at the same 
time protecting the patient’s eye from the light, it is easy to illuminate 
the unshaded part of the field of the observation system. However, in 
practical experience, without artificial dilatation of the pupil, this 
causes the pupil to contract, and the corneal reflex becomes so annoying 
that it is better to give up this big field, and to place the source of 
light near the patient’s eye, as in the method with erect image. But 
then every part of the field of observation can be illuminated by slight 
movements of the mirror. 

The diameter of the hole in the mirror is usually controlled by the 
magnifying power to be used, and should be so chosen that the condi- 
tion as to the size of the hole is satisfied in most cases, but it must not 
be made smaller than this. Since in general it is not advisable to use a 


1 hits a. 
stronger magnifying power than K = — 3 unless the pupil is artificially 


dilated, the hole should ordinarily be 4 mm in diameter. This affords 
the advantage of more intensity of light in the observation system, 
and usually produces a big enough pupil, when the other eye is closed, 
for a hole of this size to be used. On the other hand, particularly if a 
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smaller magnifying power in the observation system is sufficient, the 
condition as to the size of the hole may be satisfied even with very small 
pupil. But, in general, if a higher magnification is desired, the hole in 
the mirror must be smaller. The diameter of the mirror should be so 
great that the image of the pupil of the patient’s eye is completely 
covered by the reflecting surface, and consequently it must be 30 mm 
at least. Unless this condition is satisfied, part of the light in the 
illumination system is lost. 

In performing the investigation we always begin with a shorter 
distance between the lens and the patient’s eye, in order to extend the 
field of the observation system by increasing this distance. If in this 
way we have contrived so that none of the edge of the iris is visible, the 
focusing has practically been found for which the image of the hole in 
the mirror lies in the pupil of the patient’s eye. 

However, when the pupil is small this focusing means a steady 
hand on the part of the observer, together also with a certain docility 
on the part of the patient, because slight movements of the patient’s 
eye are enough to darken the field entirely, and then the right focus has 
to be found all over again in the same way as before. For these reasons, 
beginners especially, and more experienced practitioners too, when the 
patient is not an easy subject, frequently prefer the less delicate focus- 
ing with the lens not so far away, and choose also the more favourable 
form of mirror mentioned above for which the value of m’ is negative. 
Along with these variations of the distance of the lens of the ophthal- 
moscope, the distance of the image of the fundus of the patient’s eye is 
likewise altered. This involves a change of focus of the eye to get 
sufficient magnification of the ophthalmoscopic image. Now in order 
that this change of focus may not have to be too great, the refracting 
power of the lens of the ophthalmoscope must not be too great. On the 
other hand, it should not be so small that the hand holding it cannot 
be supported against the patient’s brow. Perhaps, the lower limit 
demanded by this consideration, which is about 14 dptr, is the best 
value to use. The lens may have a diameter of 50 mm with advantage. 

In numerous instances it is impossible to investigate the macula 
region by simple ophthalmoscopy. Indeed when the pupil has a 
minimum size, the method is hardly possible at all. We always get the 
impression that the real trouble is with the corneal reflex. Before 
passing to the consideration of ophthalmoscopy without reflexes, let 
us therefore investigate first the possibility of abolishing the corneal 
reflex only. Obviously, it is only when we have disposed of methods 
that fulfil this condition that we can decide whether this necessary 
requirement in the case of ophthalmoscopy without reflexes is likewise 
sufficient. 
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The optical system to be studied now is that in which the rays are 
reflected at the anterior surface of the cornea, and which extends from 
the medium where the source of light is situated to the entrance-pupil 
of the observer’s eye—the so-called first catadioptric system. Supposing 
it is the case of the ordinary method with erect image, the simplest 
way is to investigate the form of the region of radiation in the medium 
where the light travels after having been reflected at the mirror and 
before being reflected at the cornea. For this purpose only two aper- 
tures need to be considered, namely, that of the mirror itself and that 
of the hole in the mirror. The first of these belongs to the medium 
in question, and the image of the latter in this medium is the image of 
the hole that is reflected in the cornea. By drawing, therefore, all the 
straight lines that pass through the aperture of the mirror and through 
the corneal reflex of the hole, the maximum region of radiation will be 
constructed for the first catadioptric system in the medium in question. 
If some other opening, as, for example, the rim of the correction 
lens or the pupil of the observer’s eye should act here as a window, all 
the effect it would have would be to restrict somewhat this region of 
radiation. Now it is clear that, in order to abolish the corneal reflex, 
all that is necessary is to shift the image of the source of light in the 
mirror outside this region of radiation; for if none of the lines in this 
region passes through the image of the source of light, no ray lying 
therein can go through the system and through the holé in the mirror 
into the observer’s eye. When a transparent unperforated mirror is 
used, the corneal reflex of the pupil of the observer’s eye or of the rim 
of the correction glass (if present) takes the place of the corneal reflex 
of the hole in the mirror. But there is also another way of getting rid 
of the corneal reflex with a hole in the mirror. Since this hole casts a 
shadow, all that we have to do is to adjust the source of light so that 
the full shadow of the hole covers its reflected image in the cornea. 
The apex of the umbra is found from the equation 


x «+e 


eG 
If here x is put equal to the distance of the centre of curvature of the 
corneay from the hole in the mirror, then for a given value of c the 
value is found which g cannot exceed if the image of the hole reflected 
in the cornea is to be inside the umbra. <A practical way of making 
this adjustment is by moving the source of light farther away. Whether 
the umbra has been extended far enough by this means, can be told 
by the disappearance of the corneal reflex when the cornea is expressly 
illuminated for this purpose. We may therefore either see past the 
corneal reflex or cause it to vanish when it lies right in the way. Al- 


470 Dioptrics of the Eye ({G. 


though both the field and the intensity are very small, in many cases 
it is possible in this way to see the small reflex from the fovea, when it 
is not possible to do so in the ordinary investigation. However, a 
sufficient intensity can be obtained with the Nernst slit lamp, which 
the writer designed originally for use in ophthalmometry, and which is 
consequently known also-as the ophthalmometric Nernst lamp. 
It consists of a closed tube, at one end of which the lamp is inserted; a 
lens-system being used to form an image of the little incandescent 
filament in a slit at the other end of the tube, so that this illuminated 
slit is to be regarded as the source of light. With a vertical slit a bright 
enough image is obtained by this arrangement, and in most cases the 
macula region can be investigated without dilating the pupil. Of 
course, the field becomes smaller as the pupil is more contracted; but 
even when a pupil is contracted by treatment with eserin, it is possible 
by this method to see a small field in the fovea. When the distance 
between slit and mirror is too great, the condition as to the size of the 
image of the source of light is not satisfied; but a central dark spot will 
be seen in the illuminated field, which moves in conformity with the 
movements of the mirror. However, by using a concave mirror with 
a radius of about 15 cm, a slit from 12 to 15 em away from it, and an 
angle of incidence of approximately 45°, this spot will usually disappear. 
The reason why this is so with a source of light almost linear in form 
is due to the fact that the bundle of rays after being reflected is not only 
astigmatic, but has a fairly high asymmetry-value. With this adjust- 
ment, after refraction of the light into the optical system of the eye, the 
second focal point falls on the retina or very near it, provided the re- 
fraction of the eye is very anomalous; and owing to the asymmetry 
the width of the bundle of rays at the first focal point is finite. If this 
investigation is performed with dilated pupil, it constitutes a diag- 
nostical method which is more delicate than any previous method of 
this sort. The illuminated field here is very bright and large enough to 
be investigated conveniently. Besides, owing to the abolition of the 
corneal reflex, the investigator is enabled to use the central part of the 
pupil of the patient’s eye in the observation system; which would 
otherwise be impossible, because the corneal reflex here compels the 
observer to make a movement to one side. Hence, in the ordinary 
investigation of the macula region by the method of erect image, the 
observer is always forced to use the more unfavourable part of the 
pupil for the optical imagery in the observation system; whereas with 
this method of simple central ophthalmoscopy the resolving power of the 
optical system of the eye is essentially greater, thereby permitting 
much finer details to be perceived. 
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The only disadvantage of this method of investigation with un- 
dilated pupil is the small field. In order to get rid of the corneal 
reflex when it is desired to obtain a larger field with a smaller pupil, 
an image of the source of light has to be formed near the narrowest 
part of the region of radiation of the catadioptric system, that is, near 
the image of the hole reflected in the cornea, or near the pupil of the 
observer. This is accomplished by combining a suitable aplanatic 
convex lens with a plane parallel plate of glass and using the Nernst 
slit lamp as source of light. Jf the distance of the lens from the plate 
of glass used as a mirror is correctly measured, an image of the slit 
may be produced in the pupillary plane of the patient’s eye. It is 
found also that the corneal reflex may be abolished without difficulty 
by small movements of this ophthalmoscope, and that the size of the 
illuminated field is quite large; but very little can be seen in this field 
due to the hindrance of foreign light. It is not hard to understand that 
the cause of this obscurity is light that is reflected diffusely in the cornea 
and in the crystalline lens. All that is necessary in order to see this is 
to separate the eye and mirror a little. This experiment shows that, 
when more is required with respect to the extent of the field of the 
illumination system, it is not enough merely to abolish the corneal 
reflex, but that the light diffusely reflected in the cornea and in the 
crystalline lens must be warded off also. 

However, provided we are content to have a smaller field, the 
following is a very useful method also: A lens of refracting power 
about 30 dptr and not more than 10 mm in diameter, combined with a 
plane mirror perforated by a hole 2 mm in diameter, makes a very 
suitable instrument for investigating the macula without dilating 
the pupil. With a horizontal slit a concave mirror may also be used, 
either by itself or in combination with a convex lens, depending on 
the curvature of the mirror. 

Moreover, in the method of the inverted image, the corneal reflex 
may be abolished without difficulty, provided a suitable aplanatic 
ophthalmoscope-lens is available, such as can be had nowadays. In 
order to construct the region of radiation of the first catadioptric system 
in the medium where the light travels before it is reflected at the cornea, 
the lens of the ophthalmoscope and the image reflected in the cornea 
must be considered as the apertures; because, after being reflected 
from the cornea of the patient’s eye, the light must pass through 
the lens of the ophthalmoscope before entering the pupil of the observ- 
er’s eye as a corneal reflex. The maximum extent of the radiation 
space includes all the straight lines that can be drawn through these 
two apertures. Now if the image of the pupil of the patient’s eye 
made by the lens of the ophthalmoscope falls outside this region of 
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radiation, obviously, this maximum region of radiation will be thereby 
reduced to zero; because, although the light reflected from the cornea 
’ may get through the lens of the ophthalmoscope, it cannot enter the 
pupil of the observer’s eye; and therefore not a single ray of light 
can traverse the system from the first medium to the last. In the 
practical employment of simple ophthalmoscopy by the method of the 
inverted image, where an aplanatic ophthalmoscopic lens is used to 
get rid of the corneal reflex, the observer must be careful to look 
towards a point near the edge of the lens, so as to prevent the image 
of the lens as reflected in the cornea from covering the entire pupil. 
Under these circumstances, provided the lens is held at the right 
distance from the patient’s eye, by simply decentering it slightly 
towards the line of fixation of the patient’s eye, the corneal reflex will 
be seen to disappear. Now when this experiment is tried with a very 
small pupil, it is found that the image of the fundus of the eye is 
obscured again by foreign light; which goes to prove that for consider- 
able extent of the illuminated field the light diffusely reflected in the 
cornea and crystalline lens has to be excluded when the pupil is small. 
As the concentration of light in a beam is inversely proportional to the 
cross section thereof, in general, the diffusely reflected light gets to be 
more and more important in proportion as the illuminated area of the 
retina is larger, as compared with the part of the pupil used in the 
illumination system. 

The necessary and sufficient condition for excluding the light dif- 
fusely reflected in the cornea and crystalline lens may be most simply 
formulated by saying, that no part of the cornea or crystalline lens of 
the patient’s eye shall be at once in the region of radiation of the illumina- 
tion system and also in that of the observation system. 

If the exclusion of all the light reflected from the patient’s eye, 
including not only that which is regularly reflected from the surfaces 
of separation of the ocular media but also that which is diffusely 
reflected in the cornea and crystalline lens, is the absolute requirement 
for what is called here ophthalmoscopy without reflex, this condition is 
equivalent to that which has just been stated. For if no part of the 
anterior surface of the cornea on which the light falls is in the region 
of radiation of the observation system, no ray of light proceeding from 
the illuminated area of this surface can come into the pupil of the 
observer’s eye. The same thing is true with respect to the other 
reflecting surfaces, so that as a matter of fact there is no region of 
radiation in all three catadioptric systems. But if a small portion of 
the cornea lies in both regions of radiation, all that this may involve 
is that a narrow peripheral border of the ophthalmoscopic field will 
appear dim; whereas, when the corneal reflex is not excluded, the whole 
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image may be invisible. Consequently, another condition must be 
that, when there is a region of radiation, the source of light must be 
outside it at least in the first catadioptric system, and preferably in 
all three of these systems. In accordance therewith the writer has 
formulated the condition of ophthalmoscopy without reflex, as follows: 

Whale a part of the fundus of the patient’s eye must be situated in the 
region of radiation of the illumination system and in that of the observation 
system at the same time, this must not be the case with any portion of the 
cornea or crystalline lens; and, moreover, in the three catadioptric systems, 
the source of light must be outside the region of radiation, if there is such a 
region. 

In this statement it is to be noted that the illumination system con- 
tains the source of light as one of the apertures, whereas the three 
catadioptric systems extend in this direction only to the medium 
of the source of light. 

The most advantageous way of realizing this condition in the case of 
central ophthalmoscopy without reflex is shown in the diagram (Fig. 148), 


L, 


Lo 
Fig. 148. 


where P and P, designate the centres of the entrance-pupils of the 
eyes of patient and observer, respectively, Lo represents the lens of 
the ophthalmoscope, and ZL, a lens belonging to the illumination 
system, and S indicates a thin parallel plate of glass inclined at an 
angle of 45°. The two points P and P» are a pair of conjugate axial 
points with respect to the lens Ly. First, it must be shown how this 
arrangement can satisfy the conditions of absence of reflex. To begin 
with the first catadioptric system, disregarding the pupil of the patient’s 
eye, suppose that the maximum region of radiation of this system is 
constructed in the medium of the source of light. As there are only 
two apertures in this region of radiation, namely, the openings of the 
two lenses, and since the opening of lens L, already lies in the medium 
of the source of light, all that remains to be done is to find the image 
of the opening of the lens Lo for which the light goes first through the 
transparent mirror S and is reflected then from the cornea and from 
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this mirror in succession, so as to pass finally through the lens Ly. 
The image of the lens Ly as thus found will represent the smallest 
cross section of the region of radiation of the first catadioptric system. 
It is situated in the vicinity of the image of the pupil of the patient’s 
eye which is made by the lens J». If this pupil is dilated as much as 
possible, there will be place enough here for a source of light, which 
will be therefore inside the maximum region of radiation of the illumina- 
tion system as determined by the pupil of the patient’s eye and the 
lens Ly, but which will lie outside the region of radiation of the first 
catadioptric system. The region of radiation of the third catadioptric 
system is found in the same way; whereas for investigating the second 
catadioptric system it is better to take into account the pupil of the 
patient’s eye, from the start. Since its image is to be formed at the 
centre of the pupil of the patient’s eye, the same is true also with 
respect to the images of the two pupils made by the lens Jy in the 
medium of the source of light; the image first mentioned being situated 
on the anterior surface of the lens and consequently coinciding with 
the image reflected in this surface. Actual calculation! based on the 
exact schematic eye gives the following result:—Take the refracting 
power of each of the two lenses to be 14 dptr, and the diameter of each 
to be 50 mm. Consider the mirror S as being at first infinitely thin, 
and suppose that the lenses are combined with it in such fashion that 
one of the lenses is the image of the other as reflected in the mirror. 
Moreover, assume that the diameters of the entrance-pupils of the 
eyes of both patient and observer are 6 mm, and that an image of 
the observer’s pupil, reduced one-third in size, is formed in the pa- 
tient’s pupil. Then provided a central portion in the plane of the 
entrance-pupil of the patient’s eye about 2.4 mm in diameter is 
shielded from the light, no light regularly reflected from the three re- 
jlecting surfaces of the eye will enter the pupil of the observer’s eye. In 
the region of the radiation of the first and third catadioptric systems 
the pupil of the observer’s eye was not taken into account; hence, in 
general, light regularly reflected from the cornea and from the posterior 
surface of the crystalline lens will not arrive at the lens Lo. 

But in order also to keep the light that is diffusely reflected by the 
cornea and the crystalline lens far from the image in the ophthalmo- 
scope, the place must be essentially restricted where the image of the 
source of light is formed in the entrance-pupil of the patient’s eye. 
For this purpose the regions of radiation of the observation system 
and the illumination system, both of which are contracted in the 
patient’s eye, need to be separated so far apart from each other, that 


‘ Die reflexlose Ophthalmoskopie. Arch. f. Augenheilk. LXVII, S. 101, 1911. 
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a point either on the posterior surface of the crystalline lens or on the 
anterior surface of the cornea will be in the free space between the 
two regions of radiation. The best way to see this is by constructing 
these regions of radiation in the medium lying between the mirror S 
and the cornea. If the patient’s eye is emmetropic, and the illuminated 
portion of the fundus is entirely within the visible field of the oph- 
thalmoscope, the boundary lines of the section of these regions of 
radiation made by a meridian plane, four for each region, are parallel 
to each other, as shown in Fig. 149. P’ is the image of the pupil of 


Fig. 149. 


the observer’s eye, and its centre is at the centre of the entrance-pupil 
of the patient’s eye; while L’ represents a small image of the source 
of light lying in the outer part of this pupil. The radiation regions of 
the observation system and the illumination system are indicated by 
horizontal and vertical lines, respectively. It is immediately obvious 
that the condition stated above, namely, that no portion of the cornea 
or of the crystalline lens may be at the same time within the regions 
of radiation of both systems, amounts to saying that both the anterior 
surface of the cornea and the aerial image of the posterior surface of 
the crystalline lens must intersect the free rhombic section. Now 
the distance of the vertex of the cornea is about 8 mm, and that of the 
aerial image of the posterior vertex of the crystalline lens about 4 mm. 
from the aerial image of the anterior vertex of the crystalline lens, 
In calculating the region of radiation of the catadioptric system, sup- 
posing also that the entrance-pupil is considered as being at the aerial 
image of the anterior pole of the crystalline lens, it may easily be shown, 
on the other hand, that a displacement backwards amounting to 
0.5 mm, which is not far from what actually occurs with dilated pupil, 
will have no perceptible effect on the region of radiation. If the angle 
at the vertex of the unshaded rhombic figure in the diagram is denoted 
by w, and if the width (in mm) of the open space between the two 
regions P’) and L’ is denoted by a, all that is required in order to keep 
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the light that is diffusely reflected in the ocular media far away from 
the image in the ophthalmoscope is to satisfy the condition 


@®@ a 
tan—=—- 
OR 7 
In central ophthalmoscopy without reflex it is always possible to use 
stops to cut out the portions of the fields of the illumination system 
and observation system that are shaded (vignettierten) and to make 
the two fields overlap each other. Consequently, with suitable in- 
struments the angle w as determined by the equation above is the 
same as the angle previously denoted by this symbol, which gives the 
characteristic angular dimensions of the unshaded field in the ob- 
servation system, and which therefore may be called the aperture angle 
of an instrument of this kind. 

If the width of the space available for the image of the source 
of light is supposed to be not more than 1 mm, the value of a for a 
wide open pupil is 2 mm, which means that » =31°50’. Thus, under 
favourable circumstances, in central ophthalmscopy without reflex, 
we can get an unshaded field, free from obscurity, of from 5 to 6 times 
the diameter of the papilla, although the diameters of the two lenses 
would have to be a little larger than they were in the calculation men- 
tioned above. 

Since the intensity of illumination on the fundus of the patient’s 
eye is directly proportional to the area of the image of the source of 
light and to the specific intensity of the light, besides sunlight and 
electric arclight, the light of the Nernst slit lamp is the only light 
that can be employed for the small space that is necessary for the image 
of the source of light. 

For the purpose of obtaining higher magnification in the observa- 
tion system, a stop acting as entrance-pupil of an instrument on the 
order of an astronomical telescope and having its image in the entrance- 
pupil of the observer’s eye at the point Py may take the place of the 
latter. In this case, according to the definition previously given, K 
will denote the magnification-ratio with respect to the entrance-pupil 
of the observer’s eye and its image lying in the plane of the entrance- 
pupil of the patient’s eye; and w, = —Kw,’, where K is positive in sign, 
meaning therefore that the image in the ophthalmoscope itself is erect. 
In order to have sufficient brightness with more magnification, the 
field, which anyhow should not be excessive, may be curtailed, so as’ 
to get more space for the image of the source of light and for the 
image of the entrance-pupil of the telescopic lens in the entrance- 
pupil of the patient’s eye. The diameter of this latter lens may be as 
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much as 10 mm, and, by proper choice of the refracting power and 
position of the lens L,, the magnification of the image of the sourée of 
light may be increased also at the same time. 

An indispensable requirement in all cases is that the images of the 
stop of the observation system and source of light in the entrance- 
pupil of the patient’s eye shall be sufficiently free from aberrations. 
This has been achieved in the new aplanatic ophthalmoscope lenses as 
calculated from the writer’s data by Dr. v. Rour and manufactured 
by Zeiss; the aplanatism being obtained by using an aspherical surface. 

It would take too much space to describe the construction in detail 
and to explain how it is necessary to prevent any bad effect from light 
that goes through the mirror S without being reflected. Experience 
shows that with an aperture-angle of 20°, giving therefore a field 3 or 
4 times the diameter of the papilla, a magnification can be used of 
K=2;so that with the larger image correspondingly more detail is 
visible, whereas previously it was impossible to gain anything with a 
magnification higher than that of the ordinary erect image. Apparently 
this is not the limit of the available magnification, but it is probably 
not more than K =3. 

The writer is confident, from certain special experiments, that by 
using more extended sources of light there is use for the perforated 
opaque mirror in central ophthalmoscopy. But owing to the unavoid- 
able shading off of the field this method is essentially inferior to that 
with the unsilvered mirror; and hence it will not be discussed more 
particularly. 

Eccentrical (or “‘acentral’’) ophthalmoscopy without reflex, where 
there is no longer any attempt to produce an image of the pupil of 
the observer’s eye or of the special stop of the observation system at 
the centre of the entrance-pupil of the patient’s eye, may be easily 
realized by increasing the distance a; as follows from the foregoing 
investigation. Thus, in general, a field is obtained that is relatively 
larger in comparison with the size of the pupil; and this advantage is 
useful in two ways, namely, either for obtaining large ophthalmoscopic 
images for comprehensive survey, or as affording a method of ophthal- 
moscopy without reflex for case of small pupil. However, a simpler 
method, to be described below, can be used with advantage for both 
of these purposes. 

If an opaque mirror is used for eccentrical ophthalmoscopy without 
reflex, it is best to adjust it to one side, and not to perforate it. With 
this arrangement it is easy to fulfil the condition of freedom from reflex, 
because the mirror, which acts in the illumination system as a stop 
and in the observation system as a screen, to a certain extent auto- 
matically separates the two regions of radiation. This method has been 
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worked out with much success by DimmeER! in photographing the fundus 
of the eye; and is used likewise in THoRNER’s? stationary ophthalmo- 
scope. In both methods an image of a stop in the observation system 
is formed in the entrance-pupil of the patient’s eye. But whereas in 
the first method an image of the source of light is formed in the other 
part of this pupil, in the latter method there is at this place an image 
of a stop that belongs to the illumination system. In DrmmEr’s method 
the distance a is large enough to shut off also the diffusely reflected 
light, but this does not seem to be the case with THORNER’s ophthal- 
moscope, so far as the crystalline lens is concerned. However, here this 
light is not so harmful, because the part of the pupil affected by the 
illumination system is comparatively large. In Wo.Fr’s’ method of 
ophthalmoscopy without reflex there is no image of a stop in the ob- 
servation system in the pupil of the patient’s eye, and the observation 
system is separated from the illumination system by the screening 
of the mirror. By their methods also both THorNER and WotrrF have 
made photographs of the fundus of the eye. Wo.rr’s electrical oph- 
thalmoscope is intended for clinical use and is employed for investigat- 
ing with the ordinary erect image, but it has the disadvantage of 
requiring the pupil to have a certain diameter. 

All methods of ophthalmoscopy without reflex in which an opaque 
mirror is adjusted to one side give a one-sided shading off of the field, 
and are disadvantageous in this way. 

In TuHorneEr’s' latest method of ophthalmoscopy without reflex, 
he employs a means of simple ophthalmoscopy which is due orginally 
to ScHULTEN,’ and in which the lens of the ophthalmoscope is replaced 
by a concave mirror belonging to both the observation system and the 
illumination system. Here only a small source of light is needed, with 
its image in the mirror formed near the entrance-pupil of the eye or 
of the telescopic lens, in order to fulfil the conditions of ophthalmoscopy 
without reflex. Besides some inconveniences of a technical nature, the 
disadvantages of the method, such as astigmatism and lack of sym- 
metry in the bundle of rays used in the imagery, are due to the un- 
avoidable obliquity of the mirror. A glass mirror silvered on the back 
gives double images, the fainter one perhaps being comparatively 
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harmless usually, and yet for certain effects necessarily in the way; 
and other mirrors are too delicate to be used in practical ophthalmo- 
scopy. 

Stereoscopic ophthalmoscopy without reflex occupies an intermediate 
place between central and eccentrical (or acentral) ophthalmoscopy; 
because in order to obtain the maximum stereoscopic effect, the 
images of the two stops of the observation systems must be close to 
the ends of a diameter of the entrance-pupil of the patient’s eye; which 
means that the axis of symmetry of the two systems shall be centrally 
situated. If these stops are the entrance-pupils of two telescopic lenses, 
and if their images are formed in the entrance-pupils of the two eyes 
of the observer, the condition of correct stereoscopic effect is, that the 
magnification-ratio for this imagery of the distance between the eyes 
shall have the same sign, as for the imagery of the pupils. Hence, the 
astronomical telescope cannot be used, but the telescopic lenses must 
be made on the order of the terrestrial or prism telescope, in which 
the image of the fundus as presented to the eyes is inverted. The image 
of the slit may be vertical and midway between the images of the two 
stops, or horizontal and above or below these images. Assuming that 
the magnification-ratio for the images of the entrance-pupils of the 
telescopic lenses in the entrance-pupil of the patient’s eye is — 1/8, it is 
advisable to take the distance between the centres of the stops at 16mm, 
the diameter of each stop being 6mm. The distance might perhaps be 
made greater, but then the instrument could be used only for a pupil 
of maximum size. On the other hand, there is not much advantage in 
getting a greater stereoscopic effect than can be obtained in this way. 
The magnification K = —1 may be used with advantage. 

THORNER’s stationary ophthalmoscope mentioned above was used 
also for stereoscopic ophthalmoscopy, by halving again the half of the 
pupil intended for the observation system. Aside from other drawbacks 
of this method, the maximum stereoscopic effect is not obtained in 
this arrangement. 

The apparatus for ophthalmoscopy without reflex is fairly elaborate, 
due principally to the separation of the observation system from the 
illumination system, which is necessary in order to avoid the reflex 
images in the lens of the ophthalmoscope. But if these reflex images 
can be tolerated, the apparatus can be essentially simplified. As a 
matter of fact, with a small source of light, these images are not very 
much in the way. Besides, as distinguished from the images re- 
flected at the surfaces of the ocular media, they can be made to fall in 
front of any part of the fundus of the patient’s eye. Thus, provided 
the magnification is not excessive, the advantages of ophthalmoscopy 
without reflex can be obtained in this way. Consequently, those 
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methods in which the condition of ophthalmoscopy without reflex as 
formulated above is fulfilled, although reflections of light are tolerated 
in the lens of the ophthalmoscope, may be called the methods of 
simplified ophthalmoscopy without reflex. If it is simply a question of 
magnification of the ordinary inverted image, nothing more is needed 
in a method of this kind than the aplanatic lens of the ophthalmoscope 
and the author’s electric hand-ophthalmoscope, in which the image of the 
filament of an incandescent lamp is produced in a slit near the oph- 
thalmoscope hole containing the necessary correction lens and at a 
variable distance from it; the illumination tube with the source of 
light being far enough away to protect the observer’s vision from being 
injured by the heat. In using this mirror with the technique of the 
ordinary inverted image, it is best to start with undilated pupil and 
a distance of from 4 to 5 mm between slit and hole, looking a little 
to the nasal side in order to see macula and papilla at the same time. 
When, with pupil undilated, the macula is in the field of the oph- 
thalmoscope, the hole should always be between the visual axis of the 
patient’s eye and the slit; for which purpose the illumination tube can 
be rotated about the optical axis of the correction lens. The lens of 
the ophthalmoscope with its most curved surface towards the observer 
is held at first right in front of the patient’s eye, in which case reddish 
light is visible on the temporal edge of the pupil. If this should not 
be so, either the distance between the lens of the ophthalmoscope and 
the eye of the observer is to be increased, or the distance between 
hole and slit diminished. The reddish light being kept steadily in view, 
and pains being taken to see that the two small images reflected in 
the lens are as nearly as possible in line with each other, the distance 
between the lens and the patient’s eye is then increased. At the right 
distance the field is fully illuminated and free from reflex, provided the 
lens is moved in the nasal direction as far aspossible with fully illum- 
inated field. If any obscurity should appear, it is a sign that the dis- 
tance a has been made too short. If owing to the smallness of the pupil 
it cannot be increased, often the unobscured part of the field can be 
used without further adjustment. Obviously, the light that obscures 
thé macula region of the image originates in the cornea, while the region 
of the papilla gets the light that is diffusely reflected in the crystalline 
lens. Now the distance of the lens of the ophthalmoscope can be varied 
in both directions, within certain limits, without danger of introducing 
regularly reflected light. Hence, unless the pupil is abnormally small, 
the region of the macula can be seen free from obscurity by increasing 
the distance a little between the lens and the patient’s eye; and the 
region of the papilla in the same way by slightly diminishing this 
distance. But with the smallest pupil the field is necessarily limited. 
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However, since the source of light is to one side, this contraction of 
the field does not have to take place concentrically; but a rectangular 
stop can be used in conjunction with the lens of the ophthalmoscope, 
which contracts the field, about one-third on the average, in the di- 
rection at right angles to the linear extent of the source of light, without 
producing any contraction parallel to it. In this way, with a pupillary 
diameter as small as 2 mm, and with a magnification K = —1/3, an 
aperture angle of 30° may be utilized; giving therefore a visible field 
free from obscurity that is at least 5 times the diameter of the papilla. 
And if the aperture angle is reduced by the rectangular stop to one- 
third the size in one direction, the macula can still be investigated; 
in fact even when the pupil is contracted by treatment with eserin, 
although not without difficulty. However, as a rule, one should never 
try to see the macula in the centre of the field, with undilated pupil. 
For the condition of cutting off the light that is reflected regularly 
at the cornea is that the image of the source of light shall be inside the 
entrance-pupil of the patient’s eye, but outside the image of the lens 
of the ophthalmoscope as reflected in the cornea; which cannot be 
achieved with small pupil and central direction of sight. 

In order with dilated pupil to obtain a larger image for inspection 
by this method, all that is necessary is to increase the diameter of the 
lens of the ophthalmoscope without altering its refracting power. How 
far we can go in this way cannot be determined in advance, owing to 
technical considerations. With such lenses as have been manufactured 
already, a field about 7 times the diameter of the papilla has been 
obtained. 

The simplified method of ophthalmoscopy without reflex is well 
adapted for demonstration ophthalmoscopes. All that is necessary for 
this purpose is to fasten the ophthalmoscope and the lens on a stand, 
the field being adjusted to another stand, which is so arranged that 
the image of the slit is formed in the proper part of the pupil, according 
to the rules given above. But when a stand is used, the advantages 
of this arrangement should be utilized, by substituting in place of the 
hole in the mirror, which acts always as a window-opening (Luke), the 
entrance-pupil of a telescopic lens whose exit-pupil is in the entrance- 
pupil of the observer’s eye. Moreover, in order to be able to increase 
the magnification, it is a good plan to substitute the Nernst lamp for 
the little incandescent lamp; either the slit being adjusted in similar 
fashion to the arrangement in the electrical hand ophthalmoscope, or 
a virtual image of it near the entrance-pupil of the telescopic lens being 
produced with a transparent mirror. When the Nernst lamp is used, 
particularly in the first way, a magnification of K =1 is a convenient 
value, with no risk of getting any disturbing effects from reflexes 
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in the lens. Whether in central ophthalmoscopy by this method even 
higher magnifications may not be preferable, cannot be stated in ad- 
vance; as the reflexes are more troublesome with increase of magnifica- 
tion. On the other hand, this method requires less expensive ap- 
paratus than the one described above. 

Stereoscopic ophthalmoscopy may also be advantageously used in 
the simplified method without reflex; and with a stationary instrument 
the magnification may be as much as K=1. With somewhat lower 
magnification a suitable binocular telescopic lens can be used without 
a stand,in combination with the illumination tube of the author’s 
electrical ophthalmoscope and the aplanatic lens. By suitable alteration 
GrRAuUD-TEULON’s! binocular ophthalmoscope, which in its original 
form was hardly adapted for stereoscopy, may also be converted into 
a practically very useful instrument with illumination tube and the 
aplanatic lens of the ophthalmoscope. FRAENKEL’s? modification of it 
lacks only the illumination tube and the proper lens. However, the 

‘principle employed by Grraup-TEuLon, of bringing the two visual 

axes close to each other by double reflection, can never be free from 
window-action, and therefore a binocular telescopic lens is always 
preferable. 

1 Described in Vol. III. 


2 Fr. FRAENKEL, Demonstration eines binokularen Augenspiegels. Ber. tiber d. 36. 
Vers. d. Ophth. Ges. Heildelberg 1910. S. 314. 
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EDITOR’S NOTE 


The new material in this volume comprises three Notes specially prepared 
for the English translation by Professor v. Kriss, a chapter at the end con- 
tributed by Dr. Curistine Lapp-FRANKLIN, and a partial bibliography of 
works relating to the sensations of vision, which have appeared in the interval 
since the publication of the third German edition. A Table of Corrigenda 
for Volume I has been appended. The coloured plates for this edition were 
made in Germany. 

As stated in the Preface, in the preparation of Part II of this work, the 
Editor has received much assistance from Professors Henry LAuRENS 
(§§17, 18, 18A and Appendices of W. Nace and v. Krizs), M. Drespacu 
(§$§22, 23, 24 and 25), and L. T. Trouanp and E. J. Wau (§§19, 20, and 21). 
Miss TownsenD and Mr. TRELEAVEN have aided him in reading the proof. 

James P. C. SouTHALL 
Department of Physics, 
Columbia University, 
New York, N.Y. 
October 1, 1924. 


PART SECOND 


The Theory of the Sensations of Vision 


§17. Stimulation of the Organ of Vision 


The nervous system of the body is acted on by external agents of 
various kinds, which produce changes in the state of the nerves. 
These changes may sometimes be detected by auxiliary apparatus, for 
example, by studying the electrical reactions; but they are also mani- 
fested by their actions on other parts of the body with which the nerves 
are connected. The change of state of the so-called motor nerves is 
accompanied by contractions of corresponding muscles. Under the 
same circumstances, other nerves, known as sensory nerves, excite 
sensations in the brain which is the organ of consciousness of the body. 
Now in the case of the motor nerves, no matter how diverse the external 
action may be—tearing, crushing, cutting, burning, eroding, shocking 
by electricity,—the invariable result is the contraction of the corres- 
ponding muscle, the only difference being one of degree. Therefore, 
apart from their qualitative differences, these various influences, so far 
as their relation to the motor nerves are concerned, are called stimuli. 
Quantitatively, we speak of a stimulus as being strong or weak accord- 
ing to the amount of twitching that is produced. The resulting altera- 
tion of the state of the nerve due to a stimulus is called stimulation 
or excitation. Similarly, the ability of the stimulated nerve to make 
the muscle contract is known as its excitability. The latter is affected 
by mortification and by external influences of many kinds. 

The sensory nerves may be analyzed in the same way. External 
agencies, which acting on a motor nerve would cause contraction of 
the muscle, have another peculiar sort of effect on a sensory nerve 
and give rise to a sensation, provided the nerve is alive and not dis- 
connected with the brain. But there is undoubtedly an essential 
difference here, because there are qualitative differences in the sensa- 
tion corresponding to qualitative differences in the stimulus. But 
although different stimuli cause different sensations, still their effects 
are invariably sensations, that is, invariably actions of a kind that do 
not occur otherwise and are peculiar to the living body. Accordingly, 
the abstract conception of stimuli and stimulation as used first with 
reference to the motor nerves has been transferred likewise to the 
sensory nerves. Thus, the external agencies which acting on the 
sensory nerves excite sensations are also called stimuli, and the change 
itself that takes place in the nerve is said to be a stimulation. 

The state of stimulation that may originate at any part of a nerve 
fibre through the action of stimuli is always conducted to all other 
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parts of the nerve fibre. This is manifested partly by a difference in the 
electrical actions and also by its effect on other organic structures 
(muscles, brain, glands, etc.) with which the nerve is connected. 
What occurs is a contraction of the muscle, or a sensation, or increased 
glandular secretion, etc. Conduction of the stimulation is never 
impeded unless the nervous structure has been seriously damaged by 
mechanical or chemical actions or by coagulation of the nervous tissue 
in death. Thus, an uninjured nerve fibre possesses not only excitability 
or the capacity of being stimulated everywhere, but conductivity also. 
A separation of these two characteristics has not yet been conclusively 
demonstrated. Moreover, thus far there are no known differences 
in the structure and function of the sensory and motor fibres, that 
might not be attributed to differences in their connection with other 
organic systems. The fibres themselves seem to be indifferent and to 
have no other office except to be conductors; transmitting the stimula- 
tion either to a muscle, in which case they are motor nerves, or to the 
sensitive parts of the brain, in which case they are sensory nerves. 

According to their quality human sensations fall into five groups 
corresponding to the so-called five senses. The qualities of the sensa- 
tions cannot be compared with each other unless they belong to the 
same group. For example, we can compare two different sensations 
of the sense of sight as to intensity and colour, but we cannot compare 
either of them with a sound or a smell. 

As far as it has been possible to test it, physiological experience 
shows that the only sensations that can be produced by stimulation of a 
single sensory nerve fibre are such as belong in the group of qualities of a 
single definite sense; and that every stimulus which is capable of exciting 
this nerve fibre at all arouses sensations of this particular sense. A com- 
plete experimental proof of the statement is not possible except with 
nerve fibres that are collected together in special stems separate from 
all fibres of the other senses, as in the nervus opticus of the sense of 
sight, in the nervus acusticus of the sense of hearing, in the nervus 
olfactorvus of the sense of smell, and in the posterior spinal roots of the 
sense of touch. If different kinds of stimuli act on these nerves 
different sensations arise, but the sensations are always such as 
belong to the group of qualities of that particular sense. On the other 
hand, in the case of fibres that run along the same nerve with those of 
another quality (for example, gustatory fibres mixed with tactile in 


1 qSee E. D. Aprian, Conduction in peripheral nerve and in the central nervous 
system. Brain, 41, (1918), 23-47. Idem, The recovery process of excitable tissues. Jour. 
Physiol., 54, 1920, 1-31; 55, 1921, 193-225.—R. S. Lixin, Transmission of physiological, 
influencein protoplasmic systems, especially nerve. Physiol. Rev., 2, (1922), 1-37—K. Lucas. 
The conduction of the nervous impulse (London and New York, 1917). (H. L.) 
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the tongue in the nervus glossopharyngeus and nervus lingualis) there 
is at least a probability of the same sort of thing, since we find that 
in morbid conditions there is sometimes an isolated paralysis of the 
gustatory sensations alone without paralysis of the tactile sensations, 
or vice versa; and because also no other tactile nerves have the faculty 
of exciting gustatory sensations. 

Light sensations belong to the sense of sight. They can all be com- 
pared as to intensity and colour. That part of the nervous system 
where sensations of this nature can be excited is what J. MULuEr called 
the visual substance, or, as it is also sometimes called, the nervous 
mechanism of vision. It comprises the retina, the optic nerve, and a 
part of the brain that: is still not exactly defined where the radical 
fibres of the optic nerve lie. No other nervous mechanism in the body 
can produce a sensation of light, that is, a sensation of the same 
quality as that of the mechanism of vision, although the vibrations of 
the luminiferous aether may also be perceived by the tactile nerves. 
However the quality of the sensation of radiant heat is entirely 
different from the sensation of light. It is the same way with aerial 
vibrations which the auditory nerve perceives as sound, whereas at 
the same time they excite in the skin a tactile sensation of buzzing. 
Similarly, vinegar tastes sour on the tongue; but smarts when it 
touches a raw place on the skin or a delicate mucous membrane like 
the conjunctiva of the eye. 

On the other hand, there are many other kinds of stimuli besides 
the vibrations of the luminiferous aether which may excite the organ 
of vision. Mechanical forces and electrical currents possess the 
power of stimulating all the nervous mechanisms of the body. But 
when these stimuli act on the optic nerve, they always excite sensations 
of vision, and never any other kinds of sensation like that of sound or 
of smell. If at the same time they excite tactile sensations, we must 
suppose that this is because there are likewise special tactile nerves 
in the eye and perhaps even in the optic nerve itself (as in all internal 
parts of the body). These tactile sensations due to pressure on the 
eye or electrical action are distinct from the simultaneous sensation of 
light in still another way also; because whereas the former are perceived 
at the place of the stimulation, the latter are misconstrued as bright 
objects in the field of view. This question will be considered again in 
connection with a more detailed description of the mechanical stimu- 
lation of the eye.? 

194A stimulus that can arouse a specific sensation is commonly said to be “adequate’’ 
or “inadequate,” according as it does or does not excite the sensation under ordinary cir- 


cumstances. Thus, for instance, objective light is an adequate stimulus for the eye, but 
pressure on the eyeball is an inadequate one. (J. P. C. S.) 
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As all the other organs of sense behave similarly, it may be said 
that the nature of a sensation depends primarily on the peculiar 
characteristics of the (receptor) nervous mechanism; the characteristics 
of the perceived object being only a secondary consideration. A 
sensation must belong to the group of qualities associated with a 
certain one of the senses; but what particular sense this is, does not 
depend at all on the external object, but simply on the nature of the 
nerve that is stimulated. But the quality of the sensation that is 
aroused does depend on the nature of the external object that excites 
it. Whether the sun’s rays will be perceived as light or heat, is simply a 
question of whether they are perceived by the optic nerve or by the 
cutaneous nerves. But whether they will be perceived as light that is 
red or blue, and dim or bright, or as heat that is mild or intense, depends 
both on the nature of the radiation and on the condition of the nerve. 
The quality of the sensation is thus in no way identical with the 
quality of the object by which it is aroused. Physically, it is merely 
an effect of the external quality on a particular nervous apparatus. 
The quality of the sensation is, so to speak, merely a symbol for our 
imagination, a sort of earmark of objective quality. 


The first and most important means of stimulating the optic nerve 
is by objective light; because this stimulus acts on the optic nerve far 
more frequently and continuously than any others. Thus the chief 
method of perception of external objects is through sensations of the 
visual mechanism that are aroused by objective light. Accordingly it 
is not necessary to assume a particular, specific relation or homogeneity 
between the objective light and the nervous agency of the optic nerve, 
as was generally supposed by earlier philosophers and physiologists. 
For the optic nerve is not the only nerve that may be stimulated by 
objective light (because this is true also of the skin nerves), nor is 
objective light the only stimulus for the optic nerve. The reason why 
it is the most common, and therefore the most important, is simply 
because the optic nerve and the retina are so situated at the back of 
the eye that while it is easy for light to penetrate to them, they are 
much more inaccessible to mechanical and electrical actions. This 
excessive frequency and importance of stimulation by objective light 
led people to give the name light to those aetherial vibrations that are 
capable of exciting the sensation of light. Properly speaking, the word 
should be used only in this latter sense, that is, to denote the sensation 
that is produced by this means. Solar radiation includes ‘“‘sunlight’’ 
and “‘sunheat,”’ depending on the different sensations it excites. As 
long as man did not ponder over the nature of his sensations, it was 
natural for him to transfer the qualities of his sensations directly to 
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the external objects, and so to suppose that the rays of the sun were of 
two kinds corresponding to his two sensations. Besides, at first he 
knew nothing about the solar radiations except what his sensations told 
him. He noticed that some radiations, which, like the rays of the sun, 
contain a preponderance of waves of higher frequencies, affect the eye 
much more than they do the skin; while others, containing a pre- 
ponderance of waves of lower frequencies, act on the skin but hardly 
affect the eye at all. Naturally, the two agencies were considered as 
objectively separate. In very recent years careful investigation of the 
phenomena of radiation with respect to their properties that are 
independent of the nervous mechanism, has shown that the only 
difference between the so-called light rays and heat rays is in the 
frequency of the vibrations. And thus in this instance at least physics 
has succeeded in freeing itself from entanglement with the subjective 
sensations that were so long confused with the objective causes. The 
detailed description of objective light as a means of stimulation of the 
retina will be given in the next chapter. 


The phenomena resulting from mechanical stimulation of the organ 
of vision differ according to the extent of the stimulus. In case of a 
sudden blow on the eye there is a sensation of light which appears 
and disappears with lightning speed, and which may be very bright and 
extend over the entire visual field. As opposed to old-fashioned 
incorrect views of this phenomenon, it may be pointed out here that 
when this happens in the dark, no trace of light in the injured eye can 
be seen by another person; no matter how strong the subjective flash 
may be. And it is impossible to discern any real object in the outside 
world by virtue of this subjective illumination of the dark field. 

The effect of local pressure is easier to investigate. If somewhere at 
the edge of the orbit a blunt point, like the finger nail, for example, 
is pressed against the eyeball, it produces a luminous effect, or so-called 
pressure-image or phosphene. It is seen in that part of the field that 
corresponds to the place affected on the retina. Thus when the pressure 
is exerted from above, the bright spot appears on the lower edge of the 
field; and when it is exerted at the external angle of the eye, it appears 
to be on the nasal side of the field. Similarly, when the pressure is 
exerted from below or at the inner angle, the light seems to be above 
or on the outside part of the field, respectively. If the object that 
exerts the pressure is not large, the phenomenon usually has a bright 
centre surrounded by a dark ring and by an outer bright one. To the 

1 Concerning a legal action in which it was alleged that a man standing at a window 


received a blow on the eye, and was able to recognize his assailant in the glow of light that 
was caused thereby, see J. MituEr, Arch. f. Anat., 1834, page 140. 
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writer it is brightest when the pressure is exerted at or near the equator 
of the eye where the sclerotica is thinnest. The pressure-image appears 
then on the edge of the dark visual field as a bright arc, nearly semi- 
circular in form. Under these conditions it is quite far from the point of 
fixation, that is, from the place in the field corresponding to foveal 
vision. It coincides, therefore, with the region where objects lie that 
are not seen distinctly when the eyes are open. However, with some 
practice in indirect vision, particularly when conspicuous bright objects 
happen to be at the apparent place of the pressure-image, it is possible 
to notice that figures in the vicinity of the pressure-image are distorted, 
due to the curved hollow form of the sclerotica and retina. Often too 
they are dark in spots. But the pressure-image can be brought nearer 
the point of fixation by turning the eye far inwards and at the same 
time pressing on it from the outside; or vice versa. The image then is 
somewhat fainter, because the posterior surface of the sclerotica 
offers more resistance to pressure. Certain individuals are able to 
bring the pressure-image to the place of direct vision simply by pressing 
at the outer angle. THomas Younce could do this; and although the 
writer cannot quite succeed at it, the pressure-image comes so near the 
point of fixation that images of external objects disappear at its centre. 
The pressure-image is represented in Fig. 1 of Plate I as it looks to the 
author when a sheet of white paper is placed against the face between 
the eye and nose, the eye turned inwards as far as possible, and pressure 
exerted with a blunt instrument on the outer edge of the orbit. The 
nasal side is at NV, and the image consists of a dark spot traversed by a 
bright vertical band. When the pressure is exerted at the right level, 
there is a horizontal continuation of the dark spot, the tip of which 
reaches the point of fixation at a. Moreover, somewhere near the place 
where the optic nerve enters there is an indistinct shadow 6. How the 
place where the optic nerve enters the eye may be recognized in the 
field of view, will be explained in §18. PURKINJE observed and depicted 
a system of fine parallel curved lines extending between the dark 
pressure-image and the point of fixation. The author sees them best 
(but not in the way they are represented in PURKINJn’s drawing) when 
the corresponding place in the field of view is very bright. 

On the other hand, in the dark visual field there is a bright yellowish 
circular area within which there is sometimes a dark spot or a dark ring. 
A dim light is also seen at the entrance of the optic nerve, so that the 
appearance is similar to that shown in Fig. 1, Plate I, provided the 
light and dark portions of the drawing are supposed to be transposed. 
But the author has not been able to detect in the dark field the con- 
tinuation extending towards the yellow spot. 


8, 9.] §17. Stimulation of the Organ of Vision 7 


The phenomena are again different when a moderate uniform 
pressure is exerted on the eyeball for a longer space of time; for 
example, by pressing it from in front either with the soft part of the 
hand or by the tips of the fingers of one hand. In a short space very 
brilliant and variable luminous patterns will appear in the visual 
field, which execute curious and fantastic movements, frequently not 
unlike the most gorgeous kaleidoscopic figures that are shown now- 
adays by electric projection. PurxrnJe has studied these phenomena 
very carefully, and accurately described and represented them. They 
seem to have had a high degree of regularity for him. The background 
generally consisted of fine quadrangles in regular array, on which there 
were either stars with eight rays, or dark or bright rhombs with 
vertical and horizontal diagonals; and the patterns were surrounded 
by alternately bright and dark bands. In the author’s own experience 
there is no such regularity in the figures. The background of the 
visual field is usually finely patterned at first, but in the most manifold 
way and in very different colours. Frequently, it is as if the field were 
strewn with fine leaves or covered with moss; then presently they 
look like bright brownish-yellow quadrangles everywhere with fine 
line patterns; and at last they usually develop in the form of dark lines 
on a brownish-yellow background. Sometimes they assume very 
complex star-shaped figures, and sometimes they are in the form of an 
inextricable labyrinth or maze, which seems to be waving or flowing 
continually. There are often bright blue or red sparks in certain parts 
of the field which may last for a considerable time. If, when the 
phenomenon is at its maximum, the pressure is released, without letting 
extraneous light enter the eye, the play of figures proceeds for a long 
time still, gradually getting darker until it ceases entirely. But if the 
eye is opened as the pressure is released, and directed towards a bright 
object, there is absolute darkness at first; and then gradually single 
bright objects shining brilliantly begin to be manifest in the middle of the 
field. For instance, in the writer’s own case, separate sheets of white 
paper appear in their true form but of dazzling brightness, and super- 
posed on them are the remnants of the previous patterns, the dark 
places in them now showing bright. The abnormal brightness gradually 
fades away just as the pressure-images do before the eye when it is shut. 
But the eye on which the pressure was exerted is for a longer time still 
different from the other eye; because the field looks more violet to it, 
whereas it looks yellowish to the unpressed eye. VIERORDT and LAIBLIN 
maintain that with continuous pressure on the eye they have seen the 
ramifications of the blood-vessels on the retina, red on a dark ground; 
but the writer has tried in vain to obtain this effect. Moreover, 
VimrorptT frequently saw the retinal vessels in this way with a bright 
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blue colouring. Both observers witnessed, as STEINBACH and PURKINJE 
had done before, a network of vessels with blood circulating in them. 
PURKINJE supposed they were the retinal arteries; but as the appear- 
ance was visible along with the previously mentioned blood-vessels 
of the retina, LarBLin concluded from his observations that the 
circulation which was perceived here must belong ‘‘to another layer of 
the retina, more to the outside, and containing more blood-vessels.” 
In the pressure-images of the eye, except for occasional sudden flashes 
of the familiar vascular figure of the retina, neither MmissNER nor 
the writer himself has ever succeeded in seeing anything similar to a 
network of vessels. The flowing movement of the labyrinthine system 
of lines during the last stages of the phenomenon has no similarity at 
all to a network of vessels.! As to the theory of these phenomena, it 
seems from DonpeERs’s investigations with the ophthalmoscope that 
the effect of pressure on the eye is undoubtedly to produce changes in 
the blood-vessels of the retina, so that the veins begin to pulsate and 
finally become entirely emptied of blood. This was seen in several 
cases. The restless and constantly shifting images produced by sus- 
tained pressure on the eye might be compared to the sensation of ants 
running over the skin, such as occurs in limbs that have “gone to 
sleep’’ when the nerves have been pressed on for some time. When 
pressure is exerted on the nerves in the thigh, the foot and lower leg 
very soon lose the capacity of feeling contact with external objects. 
Accompanying it there is an intense tingling sensation in the numbed 
parts of the skin; which in similar fashion soon arouses variable 
excitements of the sensitive nerve fibres, such as are manifested by 
the delicate moving figures in the visual field during corresponding 
states of the retina. On releasing the pressure, the ability of perceiving 
external objects returns, and the first movements of the foot are often 
painful; whereas in the case of the eye, the outside light is blinding in 
its power. 

Another phenomenon apparently connected with mechanical 
stimulation of the retina, consists of certain spots of light that are 
visible to sensitive eyes in the dark field when they have just executed 
a quick movement. These are represented in Fig. 2, Plate I, as they 
look in the field of view of the writer’s eyes, when they have been 


1In my own case (says Nagpt) there is regularly a dense net-work of bright lines 
on a dark ground when I close one eye almost tight for at least 20 minutes, whether the 
eye is pressed or not. The bright lines exhibit a rapid flowing or flickering, which is very 
clear. For several minutes at first the phenomenon does not appear and then develops 
gradually. After a half hour or an hour it is so distinct that it is disturbing when one 
tries to read with the other eye. The flowing image is most conspicuous when both eyes 
are closed. Far from being absent in the fovea, this flowing is particularly clear there—N. 
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moved to the left in the direction of the arrow. The spots marked L 
and RF are the appearances in the left eye and right eye, respectively. 
The effect is less developed in the eye that turns inwards (the right 
eye in this case) than in the one that turns outwards. It occurs with 
the writer only in the morning; either on waking or as a result of 
indisposition; but other observers, for example, PurKINJE and CzER- 
MAK’ perceived these spots in the dark at any time of day as fiery rings 
or half-rings. Their distance from the point of fixation is such than an 
observer who is familiar with the phenomenon of the so-called blind 
spot (which will be described later) can infer that they are situated 
where the optic nerve enters. Therefore, a probable explanation of 
their origin is that, with sudden motions of the eye, the optic nerve 
being set in motion along with the eyeball is stretched at the place 
where it comes into the eye. When Purxinsn&? turned his eye far 
inwards, he saw a steady ring of light where the optic nerve enters, 
surrounded by concentric bright bands towards the middle of the 
field; but in the writer’s case the phenomena are never anything but 
momentary. If the experiment is tried with the eye open in front of a 
uniformly illuminated white surface, dark spots corresponding to the 
entrance of the optic nerve make their appearance when the eye is 
turned far to one side. They are produced more easily by turning the 
eye inwards, as was observed by CzprMak, and have a regular circular 
form when the eye is turned outwards. In the reddish field produced by 
closing the eyelids and illuminating them from outside, these dark 
spots appear blue. In the writer’s own case, the dark spots show traces 
of the same luminous appearances that are visible in the dark field; 
but CzeRMaAxK insists that with him the latter phenomenon is not a 
negative reproduction of the former. Here also the stimulated nerve- 
fibres seem to lose their sensibility to external stimuli on account of 
the pull on them. The fibres which are here stimulated must be 
those whose ends are in the immediate neighbourhood of the optic 
nerve, because the place where the optic nerve enters is itself not 
sensitive to light, and hence it cannot be supposed that any fibres 
capable of light sensation end at that place and are responsible for a 
sensation of light at this very spot. And, finally, the accommodation 
phosphene seen by PurKINJB’ and CzprMAK‘ has to be considered here. 
When a person looks out of a window with his eyes fixed on something 
very near, and then suddenly accommodates for distant vision, a fairly 


1 Physiologische Studien. Abteilung I. § 5. S. 42 u. Abt. II. S. 32. — Wiener Sitzungsber. 
XII. S. 322 u. XV. 454. 

2 Beitrdge zur Kenntnis des Sehens. 8. 78. 

3 Zur Physiologie der Sinne. Bd. I. 126, II. 115. 

4 Wiener Sitzungsber. XXVII. 78. 
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small luminous border will be seen near the periphery of the field of 
view, which, having the form of a closed ring, flashes out at the instant 
when accommodation is consciously relaxed. PURKINJE observed the 
phenomenon also when uniform pressure on the eye was suddenly 
released. The writer himself has never seen it. Czm=RMAx thinks the 
reason of it is because at the instant when the tension of the ciliary 
muscle ceases, the relaxed zonule is again stretched, while the lens is 
still shortened radially; which results in a sudden stretching of the 
outermost edge of the retina where it is attached to the zonule. 

When the writer exerts his accommodation and looks towards an 
uniformly illuminated white surface, there is a shadowy spot at the 
point of fixation. It shades off brown at the edge, perhaps with brown 
or bright violet lines radiating from it in various directions. The 
field of view then usually gets dark rapidly, with net-like designs and 
parts of the blood-vessels appearing dark against a white background. 
Everything vanishes when the accommodation is relaxed. PURKINJE 
describes the brown spot, but says that its centre is white. In this 
same category belongs an elliptical and spotted luminous effect seen 
by Purxinse' in the dark visual field when pressure on the eyelids 
was suddenly released. In order to produce this phenomenon, it was 
necessary to expose the eye to light a little while in advance. The 
writer himself cannot see it. 

Dogs show no sign of pain when the exposed optic nerve is cut and 
pulled; but the same kinds of injury to a cutaneous nerve of equal size 
produces the most intense agony. The human eye sometimes has 
to be extirpated on account of cancer. In such cases when the optic 
nerve itself has not degenerated, large masses of light are said to be 
perceived at the moment the optic nerve is severed,? accompanied by 
somewhat greater pain than is caused by cutting the adjacent parts. 
It is hardly reasonable to suppose that the severance of the optic nerve 
would be entirely devoid of pain like that perceived by the tactile 
nerves. All the other large nerve trunks have their nervi nervorum, 
that is, particularly sensitive fibres which belong to them just as 
much as to all the rest of the internal parts of the body and which 
mediate their local sensibility.2 It can be shown that such ner 
mervorum are sent from the posterior sensory roots to the anterior 
roots of the spinal nerves, through which motor fibres alone leave the 
cord. If the ulnar nerve is struck at the elbow joint, there is a sensation 


1 Zur Physiologie der Sinne. II. 78. 

2 Tourtuat in J. Mtiuer, Handbuch der Physiologie. Koblenz 1840. Bd. II. S. 259. 

3 {The various sensations mediated by the “tactile” nerves, of which HrtmHoutz 
writes, have been divided into protopathic, epicritic and deep. See any standard textbook 
of Physiology. (H. L.) 
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of pain referred to the region of distribution of the nerve in the fourth 
and fifth finger, as well as another localized at the place struck, which 
is more unpleasant than that resulting when the skin alone is stimu- 
lated. This must be referred to the nerves of the nerve trunk. In the 
same way when the eyeball is pressed at the outer angle, the pain of 
the pressure is felt locally by means of the sensory nerves of this 
region, and the light that is seen is supposed to be in the region of the 
bridge of the nose. Something of a similar nature may happen when 
the optic nerve trunk is stimulated. 

That the optic nerve and the retina, both capable of being stimu- 
lated by so delicate an agency as light, are tolerably insensitive to the 
roughest mechanical maltreatment, that is, have no sensation of pain, 
has seemed a remarkable paradox. The explanation, however, is 
simple, because the quality of all sensations of the optic nerve belongs 
to the group of light sensations. The sensibility is not lacking, but the 
form of the sensation is different from that usually associated with this 
particular kind of stimulus. 


Light sensations due to internal conditions are very varied. There 
are a number of luminous phenomena, occurring in all diseased condi- 
tions of the eye or of the entire body, that may take up the whole 
field or may be localized in it. In the latter case they take sometimes 
the form of irregular spots and sometimes fantastic figures of men or 
animals, etc. Mechanical causes often participate in these effects, as, 
for example, increased blood-pressure in the vessels or humors of the 
eye. Thus, on releasing the eye from uniform pressure, parts of the 
vascular figure often flash out; and sometimes, after violent exertion 
separate pulsating parts, maybe larger portions, of the vascular figure 
are visible.! In other cases 1 ere may be a sort of chemical stimulation 
due to altered condition of the blood, for example, by narcotic poison- 
ing. Finally, many of these phenomena also may be explained as due 
to a spread of a state of excitation within the central part from other 
parts of the nervous system to the origin of the optic nerve. When 
the state of excitation in a stimulated sensory nerve is imparted to 
another that is not acted on by the stimulus at all, we call it an asso- 
ciated sensation. For example, looking at large bright surfaces, such 
as sunlit snow, causes many persons to feel a simultaneous tickling in 
the nose. The sound of certain scraping or squeaking noises makes a 
cold chill run down the back. Apparently, such associated sensations 
may occur also in the visual apparatus when other sensory nerves are 


1PourKinJE, Zur Physiologie der Sinne. I. 134. II. 115. 118. — Subjektive Erschei- 
nungen nach Wirkung der Digitalis II. 120. 
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stimulated, e.g., by intestinal worms in children or by retained faeces, 
retarded circulation and other abnormal conditions in hypochondriacs. 
The origin of peculiar fantastic shapes or luminous images associated 
with the appearance of familiar external objects is due apparently to 
a similar transference of the state of excitation from the part of the 
brain that is active in the formation of ideas to the visual apparatus. 
These have been noted by many observers who state that while they 
were seeing them they were thoroughly aware of their subjective 
nature.! Certain individuals, for example, GorTHE and J. MU.LiER, 
could indeed see similar phenomena at any time by simply closing 
their eyes and remaining for a long time in darkness. 

As a matter of fact, the field of vision of a healthy human being is 
never entirely free from appearances of this kind which have been 
called the chaotic light or luminous dust of the dark visual field.2 It plays 
such an important part in many phenomena, like after-images, for 
example, that we shall call it the self-light or intrinsic light of the retina. 
When the eyes are closed, and the dark field is attentively examined, 
often at first after-images of external objects that were previously 
visible will still be perceived (as to their origin, see §§24 and 25 below). 
This effect is soon superseded by an irregular feebly illuminated field 
with numerous fluctuating spots of light, often similar in appearance 
to the small branches of the blood-vessels or to scattered stems of moss 
and leaves, which may be transformed into fantastic figures, as is 
reported by many observers. A quite common appearance seems to be 
what GorTHE describes as floating cloud-ribbons (‘““wandelnde Nebel- 
streifen”’). PURKINJE speaks of them as ‘“‘broad streamers, more or less 
curved, with black intervals between them, which sometimes move in 
concentric circles towards the centre of the field, to become lost there, 
or maybe to disintegrate into floating curls, or to revolve as curved 
radii of circles around this place; the movements being so sluggish 
that ordinarily it takes eight seconds for a streamer to complete its 
performance and vanish out of sight.’’ The author’s experience is that 
they generally look like two sets of circular waves gradually blending 
together towards their centre from both sides of the point of fixation. 
The position of this centre for each eye seems to correspond to the 
place of entrance of the optic nerve; and the movement is synchronous 
with the respiratory movements. One of PURKINJE’s eyes being weaker 


1 Cases of this sort are summarized by J. MtiEr, Uber phantastische Gesichtserschei- 
nungen. Koblenz, 1826, page 20. 

> {The completely dark-adapted eye when sheltered from all external stimuli gives a 
sensation which is variously described as the light chaos, the intrinsic light of the retina, 
and so on. Hering calls this sensation ‘mean grey’.”” J. H. Parsons, An introduction to the 
study of colour vision. 1915, p. 251. (J. P. C.S.) 
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than the other, he could not see these floating clouds except in his 
right eye. The background of the visual field, on which these phe- 
nomena are projected is never entirely black; and alternate fluctuations 
of bright and dark are visible there, frequently occurring inrhythmwith 
the movements of respiration; as observed by both J. MuLiEr! and the 
writer. Moreover, with every movement of the eyes or eyelids, and 
with every change of accommodation, there are accompanying varia- 
tions ofthis “luminous dust.”” The shapes that are assumed are very 
curious, especially when one happens to be in a strange place that is 
perfectly dark, as, for instance, in an unlighted hallway where it is 
necessary to grope one’s way; because then these imaginary figures 
are apt to be mistaken for real objects. Under such circumstances 
PURKINJE noticed that every unexpected contact and every uncertain 
movement produced instantaneous oscillations of the eye which were 
accompanied by gossamer clouds of light and other luminous appear- 
ances, such as may easily have been the origin of many ghost stories. 

After strenuous exercise and when the body is overheated, PurK- 
INJE” noticed a faint glow of light glimmering in his dark field, like 
the last expiring flickers of a flame of alcohol burning on the top of a 
table. Upon closer examination he detected countless tiny little points 
of light darting to and fro and leaving little trails of light behind them. 
He got a similar effect when he closed his right eye and strained to see 
with his other weak eye. 

Another important fact is, that after a person has lost one of his 
eyes, or in case the optic nerves and eyes have degenerated and cease 
to function, he may still have subjective sensations of light.* Such 
experiences show that not merely the retina, but the trunk and roots 
of the optic nerve in the brain as well, are capable of giving rise to 
sensations of light as a result of being stimulated. 


Lastly, another powerful agency for stimulating not only the optic 
nerve but all the other nerves of the body is by a current of electricity. 
As a rule, the motor nerves do not produce twitching except at the 
instants when the current traversing them is suddenly increased or 
diminished; but sensations are excited in the sensory nerves not only 
by fluctuations in the current but by a steady flow; and the quality of 
the sensation depends on the direction of the current. 

When the optic nerve is stimulated by fluctuations in the strength 
of a current of electricity, bright flashes of light are produced extending 


1 Phantastische Gesichtserscheinungen. S. 16. 

2 Beobachtungen und Versuche, etc. I. 63, 134. II. 115. 

3See J. Mitier, Phantastische Gesichtserscheinungen. S. 30 — A. v. Humso.pr, Ge- 
reizte Muskel- und Nervenfaser. Tl. II. S. 444. — Lincxn, de fungo medullari. Lips. 1834. 
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over the entire visual field. These effects can be obtained by discharges 
of Leyden jars just as easily as from a galvanic pile, provided a strong 
enough portion of the current flows through the optic nerve as nearly 
parallel as possible to the direction of its fibres. A convenient way of 
doing this is to place one-electrode on the forehead or on the closed 
eyelid and the other on the neck; or the latter may be held in the hand, 
if the electrical apparatus is so powerful that a great resistance does not 
matter. The electrodes should be in the form of plates or cylinders; 
and if they are covered with damp pasteboard and the parts of the 
body where they are attached thoroughly moistened beforehand, the 
pain on the skin can be diminished. Not many experiments of this 
sort have thus far been made by discharges of Leyden jars. On account 
of the proximity of the brain, it is well to be careful, because FRANKLIN 
and WILKE! noted that discharges through the head may result in 
unconsciousness. Lr Roy? passed the discharge through a young man 
who was blind from cataract. His head and right leg were wound with 
a brass wire, and a Leyden jar discharged through its ends. At every 
discharge the patient thought he saw a flame pass rapidly downwards 
from above, accompanied by a noise as of heavy firing. When the 
shock was made to pass only through the blind man’s head, by attach- 
ing metal plates above the eye and at the back of the head, and 
connecting them with a jar, the patient had sensations of fantastic 
figures, individual persons, crowds of people in lines, etc. 

Experiments with galvanic currents are more numerous. In order 
to perceive simple flashes of light due to making or breaking the circuit, 
a few zinc-copper cells are sufficient, or even a single cell in case of 
excitable eyes. For example, when a piece of zinc is placed on the 
moistened lid of one eye and a piece of silver on that of the other, and the 
two pieces of metal brought into contact, a flash appears at the instant 
of contact, and again at the instant of separation. The experiment is 
more instructive when one metal is placed on one eye and the other 
taken in the mouth, because in this way the connection between the 
brightness of the flash and the direction of the current can be easily 
made out at the same time. According to Prarr’s observations, the 
flash is more striking when the circuit is closed, provided the positive 
metal (zinc) is placed on the eye and the negative electrode (silver) 
taken in the mouth; because then the positive electricity flows upwards 
through the optic nerve. The writer has never had any success with 
these experiments with a simple circuit, probably because his eye is not 
sensitive enough to such stimulation. But the flashes of light are very 


1 Mém. de mathém. del’ Acad. de France. 1755. pp. 86-92. 
2 FRANKLIN, Briefe wiber Elektrizitat. Leipzig 1758. S. 312. 
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brilliant with a small galvanic pile of about a dozen elements. For 
example, when a battery of DAaN1=L1 cells is used that gives a constant 
current, the flash on closing the circuit is found to be greater when the 
current flows upwards; whereas the flash on breaking the circuit is 
greater when the current flows downwards. There are similar differ- 
ences of effect in the case of the motor nerves depending on the direc- 
tion of the current; but here these differences are due also to the 
strength of the current. 

In order to perceive the continuous action of a uniform current, 
most eyes require a small galvanic pile, although Rirrer perceived 
it even with a single cell. To avoid blinding the eyes by the flash of 
light and the unpleasant muscular twitching in opening and closing 
the circuit, the writer suggests placing two metallic cylinders on the 
edge of the table near which the patient is seated; the cylinders being 
wrapped with pasteboard, that has been dipped in salt water, and 
connected with the two terminals of a DANIELL’s battery of from a 
dozen to two dozen cells. The forehead is pressed firmly against one 
of the cylinders, and then the hand makes contact with the other. 
Thus, by gradually touching the electrode, the effects of fluctuations 
of the current are very slight, and the circuit may be easily made or 
broken at will. The direction of the current can be reversed by apply- 
ing the other cylinder to the forehead. In this way pressure is not 
exerted on the eyes, which is something to be avoided. 

When a weak ascending current is conducted through the optic 
nerves, the dark field of the closed eyes becomes brighter than before 
and assumes a faint violet colour. During the first moments the optic 
disc appears in the brightened field as a dark circular area. The bright- 
ness quickly diminishes in intensity and disappears completely when 
the current is interrupted. This effect can be produced without a 
flash of light by slowly letting go the cylinder in contact with the hand. 
Then as the field begins to darken, in contrast to the previous blueness, 
it takes on a reddish yellow tinge due to the intrinsic light of the retina. 

On making the circuit in which the current flows in the opposite 
or descending direction, the striking result is that only that part of 
the visual field that is illuminated by the intrinsic light of the retina 
becomes darker than before, and has a somewhat reddish yellow 
colour. The optic disc is conspicuous on the dark background as a 
bright blue circular area, although frequently only the half of it 
towards the middle of the field is visible. When the circuit is broken, 
the field again becomes brighter and bluish white, and the optic disc 
appears dark. 

The darkening of the field caused by the descending current indi- 
cates that in these experiments it is not primarily a question of an 
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electrical stimulation, but that changes of excitability due to the 
passage of the current are also involved. Priticer’s experiments! 
tend to show that the excitability of the nerve is enhanced by a 
feeble current in the portion where the positive electricity enters it, 
and reduced where it leaves it. Accordingly, with an ascending 
current the excitability would be enhanced in the portion of the 
optic nerve towards the brain and diminished in the portion next the 
retina; exactly the reverse being the case when the current is a-descend- 
ing one. Priiicer’s law affords an explanation of the decrease and 
increase of the intrinsic light of the eye, provided it is assumed that the 
internal stimuli that produce this effect act on the end of the optic 
nerve that is towards the brain. This being the case, the ascending 
current must result in augmenting, and the descending current. in 
lowering, the intrinsic light. Whether the opposite illumination at the 
optic nerve is to be regarded as contrast or as internal stimulation 
near the place where it comes into the retina, is still a moot question. 
Ritter found that external objects were less clear while the current 
was descending, and more clear when the current was ascending; which 
is in conformity with the above explanation; because when the retina 
itself is stimulated, ascending currents must increase its sensibility. 
The writer can corroborate this for dimly illuminated objects. More- 
over, PURKINJE’s explanation of the decrease of clearness in objective 
vision as being due to the increase of the intrinsic light of the eye, 
which acts as a kind of mist, is in perfect harmony with the above. 
At all events this brightening and darkening of the visual field prevents 
one from being sure whether the light from an isolated object is 
perceived more strongly or more feebly. 

Pruicer finds that when the steady current is interrupted there 
is increased sensibility in those parts of the nerve that had become 
less sensitive; as is shown in our case by the brightening of the visual 
field. On the other hand, for a short space (as long as ten seconds) 
there is at first reduced sensitivity in those parts of the nerve which 
were previously more sensitive; which is then succeeded by a slight 
increase of sensitivity again. In our case the darkening of the field 
when the ascending current is interrupted corresponds to the first 
state; and the only sign of the latter state is that the darkening seems 
to be soon succeeded by the normal condition. 

With stronger currents obtained by using from 100 to 200 zinc- 
copper cells, Rirrer observed a reversal of colouration, but the in- 
crease or decrease of brightness was the same as with weak currents. 


1 Untersuchungen tiber die Physiologie des Elektrotonus. Berlin 1859. On this subject, 
see § 25. 
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Thus strong ascending currents aroused in him a bright green sensation; 
which was bright red with still stronger currents. Strong descending 
currents gave a faint blue sensation. In the former case, when the 
circuit was broken, the sensation was blue at first, which quickly 
changed over into the red left behind by the weak current. On the 
other hand, on interrupting a strong descending current, the sensation 
was red at the first instant, rapidly changing to the customary blue. 
The writer’s own experience with strong currents! is that they produce 
a wild interplay of colours in which no regularity can be discovered. 
Another thing that Ritter reports is that external objects appear 
not only more indistinct but also smaller when the eye is traversed by 
an ascending current. This leads us to suspect that his eyes were 
accommodated for near vision. The current causes so much pain at 
the place where it enters that it is almost impossible to avoid stretching 
the adjacent muscles, wrinkling the forehead, and closing the eyelids 
tightly. Whenever the eye and its adjacent parts are strained, there is 
a tendency with most people to accommodate for near vision, and this 
has also a certain influence on the impression one gets as to the size of 
something seen. Du Bois-RrymMonp’ calls attention to the fact that 
when an electric current flows through the eye, the pupil contracts; 
and, doubtless, there is likewise some change in the mechanism of 
accommodation. Conversely, in the case of descending currents, 
RitTTeER reports that objects appeared larger and more distinct. 
Finally, Purxinye describes other special forms of luminous 
phenomena produced by electrical stimulation, when the current is 
made to flow from a small pointed conductor either into the middle 
of the closed eyelids or in the vicinity of the eye. The effect of the 
current as described above was always most noticeable at the place 
where the axisof the eye meets the retina. Here there was a diamond- 
shaped spot surrounded by several alternately dark and bright dia- 
mond-shaped bands. On the other hand, the place where the optic 
nerve enters invariably exhibited the opposite phase of electrical 
action. For instance, when the current was ascending, the axial point 
of the eye was like a bright blue diamond immediately surrounded by a 
dark band, and the optic disc like a dark circle surrounded by a blue 
sheen. When the current was descending, the axial point appeared as 
a dark diamond surrounded by red-yellow bands, and the optic nerve 


1 The current of 24 Danie. cells was conducted to forehead and neck by metal plates 
covered with moist pasteboard. The resistance in this circuit was very much less than in 
Ritrer’s arrangement. He used a battery of high resistance and had his arm in the circuit 
besides. Consequently, the connection between the current-strengths in the two experi- 
ments is not easy to be ascertained. 

2 Untersuchungen viber tierische Elektrizitat. Berlin 1848. Bd. I. 8. 353. 
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as a bright luminous disc. As the current became steadier, the figures 
soon vanished; but when the current was more intermittent (which 
PURKINJE caused by moving the circuit about), the blue figure per- 
sisted, being brighter by far than the red-yellow figure. 

These phenomena at the place where the optic nerve enters the 
eye, as described by PurxrnsE, are usually seen by most persons; but 
instead of the diamond-shaped figures, the writer and others who have 
tried it at his request can see simply indefinite patches of light. Asa 
result of pressure on the eye, PURKINJE saw entirely similar rhombic 
figures. So far as the writer is aware, these rhombs have never been 
seen by any other observer; and it is a question therefore whether their 
regular form was not due to idiosyncrasies of PURKINJE’s eyes. 

When the current was introduced near the eye through a small 
conductor, the appearances of light corresponding to the yellow spot 
and the optic disc were the same as before. But in addition a dark are 
was noticeable on the edge of the field and parallel to it; which kept its 
apparent place during movements of the eye; whereas the phenomena 
dependent on the optic nerve and yellow spot seemed to follow the 
movements of the eye. This dark are is in the upper part of the 
field when the electrode is placed below the eye; and on the right when 
the electrode is on the left, and vice versa. Hence it follows that those 
portions of the retina which are nearest the electrode perceive no light. 
In order to see this phenomenon distinctly, PURKINJE used chain 
conductors, so that with every movement of them, the current was 
interrupted. 

In old days, without any positive knowledge of the subject, the theory of 
the visual sensations was entirely a matter of philosophy. The first thing that 
had to be comprehended was that the sensations are nothing but the effects 


of external things on our bodies, and that perception is a result of sensation by 
means of psychical processes. This is the view of Greek philosophy? It begins 


1G. EK. Mituuer has corroborated the interesting fact that the threshold for galvanic 
light perception is practically the same for light adaptation and dark adaptation of the eye. 
This is also true for my eye (writes NAGEL), and is remarkable, because the sensibility 
for the adequate light stimulus increases very much when the eye is dark-adapted. I found 
too that the threshold of the pressure-phosphene (which, however, cannot be accurately 
determined) was not appreciably different in the light-adapted eye and the dark-adapted 
eye. The pressure-phosphene certainly is qualitatively changed at the beginning of dark 
adaptation. While pressure with a blunt instrument on the temporal side of the eyeball 
in the light-adapted eye causes a small clear yellowish ring to appear in the dark visual 
field, the ring is much larger and a brilliant bluish white when the eye has been dark-adapted 
for a half-hour. This makes the phenomenon more striking; but, as stated, it is impossible 
to find a threshold difference when the pressure stimuli are nicely regulated.—N. 

G. E. Miner, Uber die galvanischen Gesichtsempfindungen. Zt. f. Psych. u. 
Physiol. d. Sinnesorgane, XIV. 329. 

W. Nacet, Hinige Beobachtungen tiber die Wirkung des Druckes und des galvan- 
ischen Stromes auf das dunkeladaptierte Auge. Ibid. XXXV. 285. 

2 See Wunpr, Zur Geschichte der Theorie des Sehens in HENLE und Preurrers Zeit- 
schrift fiir rationelle Medizin. 1859. 
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with naive suppositions as to how images of objects can possibly reach the 
mind. Democritus and Epicurus believed that the images were let loose from 
the objects and flew into the eye. Emprpocius made the rays proceed to the 
object not only from the source, but from the eye also, and argued that the 
object was thus, so to speak, touched by the eye. Piato’s opinions vacil- 
lated. In the Tzmaeus he accepts the views of Emprpocuss: the rays issuing 
from the eye are like rays of light except that they are without heat, and the 
only way that vision occurs is when the internal light from the eye proceeds 
to the object and encounters the external light. On the other hand, in the 
Theaetetus, his reflections as to the spiritual basis of the perceptions lead him 
to entertain views that are not very far apart from the more mature stand- 
point of ARISTOTLE. 

ARISTOTLE! made a delicate psychological analysis of the part played by 
the spiritual reality in the sense-perceptions. Physically and physiologically, 
sensation is clearly different from what it is psychically; and the perception of 
external objects does not depend on some kind of delicate tactile feelers 
emanating from the eye (such as EMpEDOCLEs’s nerves of vision), but is due 
to an act of judgment. Physically, indeed, his ideas are very undeveloped, 
but in the fundamental conceptions the germ of the undulatory theory can be 
traced. For according to ArisTor_e, light is nothing corporeal, but an activ- 
ity (€vépyea) of the intervening transparent medium, which when at rest 
constitutes darkness. However, he still doés not abandon the notion that the 
effect of light on the eye is not necessarily of the same nature as that of the 
luminous source by which it is excited. He tries rather to account for this 
correspondence between cause and effect by the fact that the eye also con- 
tains transparent substances, which may be put in the same state of activity 
as the external transparent medium. 

ARISTOTLE’s peculiar and striking contributions to the theory of vision 
passed without notice during the middle ages. Francis Bacon and his 
successors were the first to take up these threads again in their keen dis- 
cussions of the connection between ideas and sensations: until Kant in his 
Critique of Pure Reason put an end to their theory. 

At this same time natural philosophers were interested only on the 
physical side of the theory of vision, which had developed rapidly from the 
time of KrpLer. Hauer formulated the general theory of nerve excitability; 
and described quite clearly and correctly the relation between light and 
sensation and between sensation and perception.? But more exact knowledge 
concerning excitation of the eye by other stimuli was still lacking; or at least 
what was known was fragmentary and regarded as simply curious. To 
GoETHE belongs the credit of having brought the importance of this know- 
ledge to the attention of German scientists; although he did not succeed in 
winning them over to a revised theory of the physics of light from the stand- 
point of the direct visual sensations, which was the real purpose of his famous 
treatise on Colour Theory. Soon after came the important observations of 
Rirrer and other electrical workers concerning excitations of the sensory 
nerves; and above all, PurKINJE’s observations; so that in 1826 J. MULLER 
could state the chief laws of the subject in his Theory of Specific Sense Energy 
as it was first published in his work on the Comparative Physiology of Vision, 
to which reference was made at the beginning of this chapter. This work and 
that of Purxryye are closely related to Gorrur’s Colour Theory, although 
J. Mixer subsequently abandoned its physical concepts. MU.ier’s law of 
specific energies was a step forward of the greatest importance for the whole 


1 De sensibus, de anima lib. II. ¢. 5-8 and de coloribus. 
2 Elem. Physiolog. Tom. V lib. 16, 17. 
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theory of sense perceptions, and it has since become the scientific basis of this 
theory. In a certain sense, it is the empirical fulfilment of Kanv’s theoretical 
concept of the nature of human reason. 

Even ARISTOTLE was aware of the images produced by pressure on the 
eye. Newton! conjectured that mechanical disturbance of the retina pro- 
duces a motion in it similar to that made by the impact of rays of light. He 
considered this motion as the cause of the sensation of light. The opinion that 
in the case of pressure-images, and in other cases also, objective light is de- 
veloped in the eye has had its adherents until quite recently. An example of 
this view is the medico-legal case mentioned above in which the capable 
physician SrrLER seemed to think it necessary to admit the possibility-of such 
a contingency. But no one has ever been able to see the light thus developed 
in another person’s eye. To strengthen this view, its adherents have cited 
the cases of persons like the Emperor Trserius, Carpanus and Kaspar 
Hauser who were able to see in the dark, that is, with very little light. 
Another argument which they use is the so-called luminosity of animal eyes 
and of the eyes of albinos and certain other human beings whose eyes are 
malformed; which is due simply to the reflection of light. Finally, they 
instance distinct after-images which old people see in the evening after the 
light is extinguished, and which sometimes persist for a long time; as proving 
the possibility of development of light in the eye. Quite recently more accurate 
descriptions of pressure-images have been given by PuRKINJE and SERRES 
p’Uzes. How THomas Youne utilized these effects in his theory of accom- 
modation has been mentioned in Vol. I, page 158. 

VoutTa was aware of the flash of light when the current flowing through 
the eye was turned on or off. Ruirrmr perceived the persistent luminous 
actions even with a simple cell; and subsequently they were minutely de- 
scribed, especially by PuRKINJE. 


Supplement by He_tMuHoutz in the First Edition 


It was expressly stated above that the actions of steady currents 
of electricity on the visual apparatus were not to be considered as a 
stimulation (as they used to be regarded), but as changes of excitability 
due to the electrification. But the author’s assumption that the 
continuous internal excitation of the fibres of the optic nerve, whose 
sensibility is thereby increased, takes place on the side of the nerve 
towards the brain, does not agree with the phenomena that occur 
when an electric current flows through a small electrode right into the 
eyeball itself. These phenomena as observed by PuRKINJE were 
partly described on page 17. A more probable inference here would 
be that it is the electrified condition of the radial fibres of the retina 
that is responsible, and that their steady stimulation takes place on 
the posterior surface of the retina. 

If the negative electrode is placed on the neck, and the positive 
electrode, consisting of a pointed cone-shaped piece of sponge soaked 
in salt water and fastened to a handle of metal, is applied to the 
moistened eyelids near the outer angle of the eye, the visual field 


1 Optice, at the end of Quaestio XVI. 
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appears dark on the nasal side, and bright on the temporal side; and 
the optic disc which is within the bright portion appears dark. When 
the eye is turned so that the point of fixation falls on the boundary 
between the bright and dark areas, abright tuft of light seems to 
radiate out from it towards the dark portion and a dark tuft towards 
the bright portion of the field. These two oval tufts just about cover 
the area of the yellow spot. 

If the direction of the current is reversed, the light and dark areas 
change places. Breaking the circuit has the same instantaneous effect 
as reversing the current. 

All these phenomena may be simply explained as due to the electri- 
fied state of the radial nerve fibres of the retina, on the supposition - 
that there is a permanent weak stimulation at their posterior ends as 
the result of internal causes; the presence of which seems to be indi- 
cated by the intrinsic light of the retina. 

When positive electricity enters the eyeball from the outer side 
of the eye and returns from the inner and posterior side, the excita- 
bility of the posterior surface of the retina will be diminished where the 
current enters and increased where it leaves; and hence the inner half 
of the visual field, corresponding to the outer half of the retina, must 
appear dark, and the outer half bright. Probably the optic nerve acts 
as a poor conductor, so that the current is reduced near the place 
where this nerve enters the eye; which makes this place stand out 
through contrast. If the yellow spot is at the border of the portions of 
the retina through which the current is passing in opposite directions, 
the current flows through it along the surface of the retina. In the 
yellow spot, however, there are bundles of fibres which run also along 
the surface of the membrane. Accordingly, these fibres are traversed 
by positive electricity from the temporal towards the nasal side, that 
is, the current flows through the fibres on the temporal side of the 
fovea in the direction towards their ends that are connected with the 
cones, and on the nasal side it flows the opposite way. Thus, on the 
temporal side the excitation will be increased, and on the nasal side 
diminished; and this is why the bright tuft appears on the nasal side of 
the point of fixation in the field of view, and the dark tuft on the tem- 
poral side. 

When the place is changed where the current enters, the entire 
phenomenon is correspondingly shifted. 


Note by W. Nacru.—Neither with ascending nor with descending 
current has the editor succeeded in showing that there is any variation 
of the luminous threshold. N. 
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Note to $17 
On the Stimulation of the Visual Apparatus by ROntGEN Rays and 
BrcquEREL Rays. By W. NacEu 
In addition to HELMHOLTz’s account in §17 of the action of ade- 
quate and inadequate stimuli of the visual organ, mention should 
be made of the fact that the sensation of light in the eye can be aroused 
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both by RoOntcEN rays and by the emanations of the so-called radio- 
active substances. The sensation of light produced by the impact of 
X-rays in the eye was noticed first by Branpes and Dorn}. Cow. 
and Lrvy-Dorn?® supposed this optical effect could be traced to 
illusions produced chiefly by electrical action at a distance. But 
Branvdes and Dorn, also ROnteEN,? Himsrepr and NaceEt,' and 
others showed that the luminous sensation was produced when such 
sources of error were guarded against. The vacuum tube can be 
enclosed in a light-proof box made of thin sheet aluminum opaque to 
light; and yet a powerful glow of light will be produced in the eye, 
provided the eye has been dark-adapted for fifteen minutes or more 
prior to the test. 

On the other hand, if the rays are allowed to fall only on a certain 
area of the retina, the rest of it being shielded from the action of 
X-rays by a thick lead screen, the luminous effects are likewise sharply 
outlined. Thus, for example, when a diaphragm, consisting of a thick 
plate of lead with a hole in it 3 mm in diameter, is held on one side 
near the eye, so that the X-rays cross the eyeball from the temporal 
to the nasal gide, the result is that the bundle of rays meets the retina 
twice; and, consequently, two bright circles are seen, which are pro- 
jected out in the field exactly in the same way as the pressure-phos- 
phenes. 

When the radiation enters the eye from the temporal side, the 
spot projected on the nasal side is brighter than that on the opposite 
side. This is easily explained because the nasal glow is the result of 
stimulation of the temporal half of the retina, and the glow projected 
on the temporal side is the result of stimulation of the nasal half; 
but ere the rays reach this part of the retina, they have been absorbed 
to some appreciable extent in the vitreous humor. 

The contrast with the above is very striking when no diaphragm 
is used at all, and the rays are allowed to fall freely on the eye. The 
brightest sensation is always on the side from which the rays come; 
that is, usually on the temporal side, when the radiation is lateral. 
Radium emanation, as above stated, acts in the same way. 

When a screen with a slit in it is moved to and fro between the eye 
and the RonTcEN tube, the phenomena are very instructive. The 
X-rays traverse the eye without being refracted; and, hence, the 
lines of intersection of the wedge-shaped bundle of rays with the nearly 
spherical retina appear projected in the field as curved lines depending 


1 Wirpremanns Ann. LX. 478, 1897; LXIV, 620, 1897; LXVI, 1171, 1898. 
2 Arch. f. (Anat. u.) Physiol. 1897. 

3 Ber. d. preuss. Akad. 1897. 576. 

4 Ann. d. Physik. IV F. 4, 8. 537, 1901. 
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on the locus of the stimulation. The most conspicuous effects are 
obtained when the rays come through the diaphragm in the frontal 
direction from the temporal side of the eye, and when the aperture is 
in the form of a rectangular cross with vertical and horizontal beams. 
If the vertical slit is in the equatorial plane of the eye, two crosses are 
seen composed of approximately straight lines intersecting each other 
at right angles. If the diaphragm is shifted more towards the back of 
the eye, the crosses become much distorted and finally blend into their 
horizontal portions. 

Himstept and Nace. endeavoured to ascertain whether X-ray 
stimulation is a direct one, comparable with that of light; or whether 
fluorescence of the ocular media has a distinct part in it, as is the case 
in the perception of ultra-violet and BrcQuEREL rays (see below). The 
mere fact that it is possible to stimulate precise parts of the retina by 
X-rays, indicated that it was extremely unlikely that there was any 
noteworthy fluorescence of the ocular media. And, as a matter of fact, 
not a single trace of fluorescence could be detected in these substances. 
But in the retina itself there was certainly some slight effect of this 
nature, much less, however, than that produced by ultra-violet rays. 
But whether the retina in the live eye does not fluoresce still more, 
is a question that has not been answered. 

The eye must be dark-adapted in order to be sensitive to X-rays; 
and hence it seems likely that the same elements whose sensitivity 
to light rays increases so much in darkness must also be the perceptive 
agencies for the X-ray stimulation; that is, according to our assump- 
tion, the perceptive elements in this case must be the rods. Although 
the fluorescence of the retina under radiation is feeble, the layer that 
emits the fluorescent light and the layer that is sensitive to light 
must be exceedingly close together; in fact, they may partly coincide 
with each other. From this point of view, it may be that the per- 
ceptibility of X-rays has something to do with the fluorescence of the 
retina. But this explanation still does not account for the fact men- 
tioned above, that the light sensation is greater on that side of the 
retina where the X-rays come to it through the vitreous humor. 

It is often stated that the totally colour-blind are peculiarly able to 
see X-rays. But the only reason for this that can be suggested is, 
that these persons are accustomed by experience to shield their eyes 
as much as possible from bright light, and so when they enter the dark 
room, they are already more dark-adapted than other subjects with 
normal vision. 

The writer put a bandage over both eyes of a totally colour-blind 
young girl. It was composed of many layers of black velvet, bound so 
tight that even after an hour in the lighted room she had not the 
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slightest sensation of light. When the X-ray tube was started, the 
diffused light was visible to her a metre away. With her eyes blind- 
folded, she was able to tell when a lead plate was placed between her 
and the tube, and when it was removed. But the results are similar for 
normal individuals after an hour’s dark adaptation. 


Undoubtedly, the effect of radium emanation or BecQuEREL rays 
on the visual apparatus is due to the fluorescence of the transparent 
parts of the eye, including the retina. Himsteptr and NaGEt easily 
succeeded in demonstrating this fluorescence in the eyes of various 
animals. Since the entire contents of the eye, particularly the lens, 
are self-luminous under the influence of radium, there can be no 
question of a localization of the stimulus. The glow that is perceived 
is therefore likewise a diffused one, except that, just as with X-ray 
radiation, the strongest sensation of light is on the side where the 
radium is placed.—N. 


§18. Stimulation by Light 


What we have now to consider is the excitation of the organ of 
vision by means of objective light or aether vibrations. The vi- 
brations of the aether are not included among the general agencies 
of stimulating nerves such as electricity and mechanical injury, which 
can disturb every part of any nerve fibre. It may be demonstrated 
that the fibres of the optic nerve within the trunk of this nerve and in 
the retina are no more stimulated by light than are the motor and 
sensory nerve fibres of other nerves. Some special apparatus in the 
retina at the end of the optic nerve fibres must be present, which is 
adapted to enable objective light to start a nervous impulse. 

First: of all, let us show that the nerve fibres in the trunk of the 
optic nerve are not stimulated by objective light. The bulk of these 
fibres are at the place where the optic nerve comes into the eye through 
the sclerotica. This nerve, lying exposed on the side towards the 
transparent ocular media, is not overlaid with any black pigment; 
and yet it is so translucent that light falling on it may penetrate it to 
an appreciable extent. This can be shown with an ophthalmoscope 
which often reveals ramifications of the central blood-vessels that are 
inside the optic nerve and covered completely by the mass of nerves, 
If such ramifications can be recognized in the interior of the nerve- 
substance, light must penetrate that far so as to return from there 
to the observer’s eye. Thus, there is nothing to prevent the light 
falling on the eye from penetrating to a certain depth in the substance 
of the optic nerve. But this light that falls on the place where the optic 
nerve enters the eye is not perceived. 
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Holding the book, with the lines in the usual horizontal position, 
at a distance of about one foot away, close the left eye, and look at the 
white cross in Fig. 1 with the other eye. There is a certain adjustment 
for which the white circle vanishes entirely from the field, and no gap 
is to be seen in the black background. To succeed with this experi- 
ment, one must look steadily at the little cross and not look to one 
side. When the book is moved closer or farther away, the white disc 


Fig. 1. 


reappears, and is distinctly seen by indirect vision; and the same thing 
happens also when the book is slanted so as to throw the white disc 
a little higher or lower. All other objects, white, black or coloured, that 
are not larger than the disc, disappear in like manner when they are 
laid on the disc, and the experiment is conducted in the same way. 
We learn, therefore, that in the field of each eye there is a certain gap 
where nothing can be discerned; ‘and that accordingly there is a 
corresponding place on the surface of the retina that is not conscious 
of an image when it falls there. This place is called the blind spot. 
As the blind place in the visual field of the right eye is to the right of the 
point of fixation, and in that of the left eye to the left of the point of 
fixation, the blind spot of the retina must be on the nasal side of the 
yellow spot; in the region where the optic nerve comes into the eye. 

That the blind spot is actually identical with the place of entrance 
of the optic nerve had been shown previously by measurement of its 
apparent size and of its apparent distance from the point of fixation of 
the eye. A still more direct proof was given by Donpers! with his 
ophthalmoscope. This instrument was used to reflect the light of a 
small flame some distance away into the patient’s eye; and the latter 
was made then to turn his eye until the little image of the flame fell 
on the place where the optic nerve enters the eye. The image here was 
not sharply outlined, and at the same time the entire optic disc, which 
was at least twenty times greater than the little image, was rendered 


1Onderzoekingen gedaan in-het Physiol. Labor. d. Utrechtsche Hoogeschool. VI. 134. 
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quite luminous. This is due to the translucent nature of the nervous 
substance. On the retina itself, near the disc, he saw scarcely any trace 
of light that might be due to diffusion in the transparent media of the 
eye or that was reflected sideways from the brightly illuminated sur- 
face of the optic nerve. The patient was not conscious of any sensation 
of light as long as the little luminous image fell entirely on the disc. 
Some patients thought they perceived a faint glimmer of light; which 
possibly might be due to the feeble illumination of the retina mentioned 
above. By small movements of the mirror, the image could be made to 
move from one side to the other of the disc, but there was never any 
consciousness of light until a part of the image was distinctly across 
the boundary so as to fall on a place where the various layers of the 
retina were present. This means simply that the blind spot corresponds 
to the entire area where the optic nerve enters, and certainly is not 
just at those places where the blood-vessels enter the eye. 

Subsequently, Coccrus! showed how the same experiment could be 
performed by the observer in his own eye; which is still more instruc- 
tive. For this purpose, a plane or convex mirror is used, with a hole in 
it, like the mirror of an ophthalmoscope. The observer holds it close 
in front of his eye, and allows the light from a lamp to come through 
the hole to his eye. If the eye is first turned right towards the edge of 
the hole, the little inveited red image of the flame on the retina of 
one’s own eye can easily be seen. Now trying not to let the image go, 
turn the eye more and more inwards, until presently the image falls 
at the place where the optic nerve is; and then make the observations 
described above. Incidentally, the flame ought to be small or far away; 
otherwise, too much light will enter the eye. In this way the larger 
blood-vessels are seen, but the field, of course, is very small. When a 
larger flame is used, the eye is so blinded by it that it is impossible to 
see much. If the quantity of light falling on the place where the optic 
nerve enters the eye is large, a faint glimmer of light will certainly be 
perceived, but the explanation of it, according to these experiments, 
is that some of the light spreads out over adjacent parts of the retina. 
Sometimes too in experiments of this kind there is a red glow of light 
in the eye, perhaps when a blood-vessel on the surface of the optic 
nerve is highly illuminated and reflects light. This was seen by 
A. Ficx and P. pv Bors-Reymonp by using for the object the image 
of the sun as made by a convex lens. 

The form and apparent size of the blind spot in one’s own visual 
field may be easily found as follows. Place the eye 8 or 12 inches above 


1 Uber Glaukom, Entzindung und die Autopsie mit dem Augenspiegel. Leipzig 1859. 
S. 40, 52. 
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a sheet of white paper on which a little cross is marked to serve as 
point of fixation of the eye. 

Take a white or at any rate brightly coloured pen, with some ink 
on its point, and move it over the paper into the projection of the 
d blind spot until the point dis- 
appears. Then move it from this 


a place, first in one direction, and 
then in another, towards the 
periphery of the spot where it 
again begins to be visible. Fig. 2 

- shows the blind spot of the 


author’s right eye, as drawn in 
this way with respect to a as 
point of fixation. The length of the straight line AB is one-third of the 
distance betwen the eye and the paper for this particular figure. The 
spot has the form of an irregular ellipse, on which the writer can discern 
the beginnings of the larger blood-vessels, as seen also by Huxrck. 
If a small black spot is made on the paper, and different points fixated 
one after another, the continuation of the vessels far in the field of the 
retina will be found to be blind places. The easiest way to do this is 
by finding first the direction of the blood-vessels in one’s own eye by 
Cocctus’s method. 

Let f denote the distance of the eye from the paper; F the distance 
of the second nodal point from the retina (which is about 15 mm on 
the average); d the diameter or any other linear dimension of the 
blind spot in the drawing; and D the corresponding magnitude on the 
retina; then 


Fig. 2. 


fae 0 

Ba ee 
from which D can be calculated. In a measurement of this kind, the 
magnitude denoted by F can never be perfectly accurately determined 
for the individual eye; and so without using it, a better way is to 
measure the visual angle, that is, the angle between the direction- 
lines (see Vol. I, p. 96) corresponding to the different points of the 
drawing. If the lines of vision drawn to the point a in Fig. 2 may be 
assumed to be perpendicular to the plane of the figure, and if the 
distance ad is denoted by 8, and the angle subtended by ad is denoted 
by a, then 


—= tana. 
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from which the angle a can be calculated. In the same way the visual 
angle between a and any other point in the drawing may be found. The 
following are results obtained in this way by different observers: 

(1) Apparent distance of the point of fixation from the nearest 
part of the edge of the blind spot: Listinq@! 12° 37.5’. Hetmnourz 
12° 25’. Tuos. Youne 12° 56’. 

(2) Apparent distance of the most distant part of the edge: Lisr- 
ina 18° 33.4’. HetmHoutz 18° 55’. THomas Youne 16° 1’. 

(3) Apparent diameter of the blind spot, in the horizontal direction: 
HANNOVER and THomseEn? for 22 eyes 3° 39’ to 9° 47’; average of all 
measurements 6° 10’. Listina 5° 55.9’. Grirrin,’ largest value, 
7° 31’. He_tmHo.rz 6° 56’. THomas Youne, who rather inconveniently 
used two lights for finding the boundary of the spot, 3° 5’. 

(4) Actual diameter of the blind spot, using Listine’s value of 
15 mm for F, in Listine’s eye, 1.55 mm. HeEtmuottz 1.81 mm. 
HANNOVER and THOMSEN, average, 1.616 mm. 

A measurement by E. H. Wreser of the diameter of the place of 
entrance of the optic nerve in two cadavers gave 2.10 mm and 1.72 mm. 
The distance from its centre to the centre of the yellow spot was in 
one eye 3.8 mm; whereas the same distance as calculated for ListT1Ne’s 
eye was 4.05 mm. The greatest and smallest diameters of the vessels 
in the middle of the nerve were 0.707 and 0.314 mm; the greatest in 
the other eye 0.633 mm. 

Even before DonprErs’s experiments it might have been inferred 
from these measurements that the entire optic disc was insensitive 
to light. 

Another way of forming some idea of the apparent size of the 
blind spot in the field of view is to try to realize that eleven full moons 
can be placed side by side along its diameter. In it a human face 6 
or 7 feet away will disappear.‘ 

That the fibres in the trunk of the optic nerve cannot be stimulated 
by light, is shown by the phenomena of the blind spot that have been 
described. That the ramifications of this nerve which spread out 
from the disc all over the anterior surface of the retina are likewise 
insensitive to light, may be inferred from the fact that perfectly definite 
bright places in the field of view are seen also as actually definite places. 


1 Berichte der Kénigl. sachs. Ges. der Wiss. 1852. S. 149. E. H. Weser’s observations 
are also given here. 

2 A. Hannover, Bidrag til Ojets Anatomie. Kjébenhavn. Cap. VI. 8. 61. 

8 Grirrin, Contributions to the physiology of vision. London, Medical Gazette. 1838 
May. p. 230. 

4 (It is related that that “merry monarch,” King Charles II, got much amusement by 
making his courtiers see how they would look when their heads were off their shoulders. 
(J. P. C. 8.) 
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When light falls on a place A on the retina, it meets here not only those 
fibres that end in A but also those which pass over A and end in the 
more peripheral parts of the retina. Now since the place at which a 
nerve fibre is stimulated is not discriminated in the sensation, so far as 
sensation is concerned, the result would be the same as if light had 
fallen on those peripheral parts of the retina. If this were the case, 
we should see a streak of light extending from every illuminated point 
to the borders of the visual field, which of course is not the case. In 
other words, the fibres of the optic nerve spreading out over the 
retina cannot be stimulated by objective light. 

On the other hand, the evidence of the sensitiveness of the posterior 
layers of the retina to light is afforded by the ability of seeing the 
shadows of the retinal vessels (Vol. I, 211). The retinal vessels lie 
in the layer of the optic nerve fibres, some finer ones also in the layer 
immediately posterior to that of the ganglion cells (No. 6 in Fig. 14 
of Vol. I) and in the fine granular layer (No. 5 of same diagram). From 
the movements of the shadow of these vessels when the source of light 
is moved, the inference is that the layer by which the shadow is 
perceived, the layer in which the light on the edge of the shadow gives 
rise to nerve excitation, must be a very little distance beyond the 
vessels. According to H. MULLEeR’s measurements (Vol. I, p. 220), the 
distance of the vessels from the surface which perceives their shadow 
must be between 0.17 and 0.36 mm. The distance of the vessels from 
the most posterior part of the retina where the rods and cones are, 
according to the same authority, is between 0.2 and 0.3 mm. Thus 
in any case the sensitive layer must be one of the most posterior 
layers of the retina; that is, the layer of rods and cones or the outer 
granular layer. At the place where vision is most distinct, which, 
according to ReEMak and KoELLIKER is in the central cavity of the 
yellow spot, there is nothing but ganglion cells and cones; conse- 
quently, the latter would seem to be the elements that are peculiarly 
sensitive.’ H. MiLurr and Kor.iiker express the opinion that the 

1In the second edition of this treatise, a briefer statement was substituted in place 
of the rest of this paragraph as given above, which follows the text of the first edition. With 
respect to the function of the rods, the new statement was different from the original view, 
and reads as follows (p. 255): “From the perfectly analogous anatomical structure of the 
rods it is extremely probable that they also have the same sort of capacity; which was the 
opinion of H. Mtiipr and Kor.iixer. Nevertheless, they must play an entirely different 
role in the localization of sensations, because, in spite of their being finer and more numerous 
in the peripheral parts of the retina where they predominate, the power of discrimination 


between very nearly similar impressions is more imperfect in this region than it is in the 
fovea. 

“Since the investigation of the delicacy of perception of different parts of the retina is 
essentially bound up with the question as to what elements of the retina are sensitive to 
light (that is, excite a sensation when light acts on them), and how they are connected 
with nerve fibres, let us consider-this question first. 
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rods are also sensitive, because, like the cones, they too are connected 
with similar fibres traversing the retina perpendicularly. But as 
remarked by E. H. Wrser, this assumption seems to be opposed to 
the fact that there are nothing but cones at the place of most distinct 
vision; whereas out towards the periphery of the retina where more 
and more rods are found between the cones, acuity of vision becomes 
less and less perfect. If the rods were sensitive elements, it might be 
expected that the sensitivity and exactness of perception would 
necessarily be greater where the rods are more numerous, because there 
are more rods than cones in the same area. The connection with radial 
fibres is no proof of the nervous nature of the rods, because a large 
number of the radial fibres are attached to the membrana limitans, and 
it is therefore extremely probable that these are connective tissue, and 
not nerve fibres at all. In saying that the posterior layer of the retina 
and particularly the cones are the last elements of the nervous mech- 
anism of vision that are sensitive to light, of course, what is meant is 
that external light stimulates changes in these structures that result 
in nervous excitation and, finally, in sensation, if this excitation is 
transmitted to the brain. In fact, the light-sensitive elements of the 
retina, as they may be called, just as we speak of a sensitive plate in 
photography, are functionally different from all other parts of the 
nervous system simply by virtue of their sensitivity to light, just as on 
the other hand they are in so many respects different in their anatomi- 
cal structure. Another result also is that the action of light on the 
peculiar nervous substance of the retina and optic nerve is not an 
immediate one, as in the case of electricity and of mechanical disturb- 
ance, whereby in every nerve fibre at every place in it the molecular 
changes can be started that constitute the process of stimulation. 
The action of light is more indirect. It acts directly only.on the special 
light-sensitive apparatus or the cones. We have no idea as to what 
kind of an effect this is and as to what, if any, similarity there is 
between it and nerve stimulation; whether a vibration is set up, as 
NewrTon,! Met.ont,? SEEBECK? and other physicists supposed; 


“The part of the retina which is capable of the finest spatial discrimination is a per- 
fectly regular mosaic of individual parts, that is, the cones. Each of these is connected with 
a nerve fibre, which is then connected with the cells of the retina. Accordingly, the assump- 
tion that every single cone has its own independent nerve conduction to the brain, and that, 
consequently, the sensation excited in it can be distinguished from qualitatively equal 
sensations in the adjacent cones, does not seem improbable.” 

For the more modern conceptions of the functional difference between rods and cones, 
see the Note at end of § 25.—N. 

1Optice. Lib. III. Quaestio XVI. 

2 Poaa. Ann. LVI. 574. 

sTbid. LXII. 571. 
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whether there is a shift in molecular arrangement, as E. pu Bois- 
RrYMonp supposes to take place in the electromotor molecules of 
muscles and nerves; whether there is some heating effect, as DRaPER* 
thinks; or whether this light-sensitive layer of the retina is some part 
of a photo-chemical apparatus, as Mosmr? assumed. At any rate, 
stimulation of those nerve fibres connected with the cones that are 
acted on by light is merely a secondary result of these changes, what- 
ever they are. 


Acuity of visual perception is also connected with the size of the 
retinal element stimulated by light. The light that falls on a single 
sensitive element can produce nothing but a single light sensation. 
In such a sensation there is no way of telling whether some parts of the 
element are highly illuminated as compared with other parts. A lumin- 
ous point can be perceived when its image on the retina is very much 
smaller than a single retinal element, provided the amount of light 
from it that falls on the eye is sufficient to affect the sensitive element 
appreciably. Thus, for example, the fixed stars, are perceived as 
objects of great brilliancy, although their apparent sizes are vanishingly 
small. Similarly, too, a dark object on a bright background may be 
perceived even when its image is smaller than a sensitive nerve ele- 
ment, provided the amount of light that falls on the element is per- 
ceptibly diminished by the dark image around it. Thus, suppose that 
with the given degree of illumination, the eye is capable of perceiving 
differences of two percent in light intensity; then a dark image whose 
area was two percent of that of a sensitive element might still be 
perceived. Obviously, on the other hand, two bright points cannot be 
distinguished as separate unless the distance between their images is 
greater than the diameter of a retinal element. Were the distance less 
than this, the two images would have to fall on the same element or 
on two adjacent elements. In the first case, both would excite simply 
a single sensation; and in the second case, there would indeed be two 
sensations, but in adjacent nerve elements, so that it would be im- 
possible to tell whether there were two separate points of light or only 
one whose image happened to be on the border of both elements. The 
distance between the two bright images, at least between their centres, 
must be greater than the width of a single sensitive element if the two 
images are to fall on two different and non-contiguous elements, 
with another element in between them that is not stimulated by light 
at all, or at least is more feebly stimulated than the others. 


1 Human physiology. p. 392. 
2 Poaa. Ann. LVI. 177. 
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According to Hooxn’s dictum,! two stars whose apparent distance 
apart is less than 30’ appear as one; and scarcely one person in a 
hundred can distinguish two stars when their apparent distance apart 
is less than 60’’. Others, who have made their observations, not on 
stars, but on illuminated white lines or rectangles, havefound the 
resolving power of the eye rather less than this. The best eye examined 
by E. H. Wezer was able to distinguish two white marks whose middle 
lines were 73” apart. With higher illumination, and under the most 
favourable conditions, the author has been able to make out lines 
of this sort that were only 64” apart. In Listina’s schematic eye a 
visual angle of 73’’ corresponds to a distance on the retina of 0.00526 mm; 
an angle of 63’’ to 0.00464 mm; and an angle of 60’ to 0.00438 mm. 
KOoELLIKER’s measurements give for the diameter of the cones in the 
yellow spot values between 0.0045 and 0.0054 mm. This agrees almost 
exactly with the above figures, and incidentally also tends to confirm 
the assumption that the cones are the last sensitive elements of the 
retina.’ 

At the same time, it is clear that the optical characteristics of a 
well constructed and correctly accommodated eye are quite sufficient 
for attaining the resolving power that the eye is actually known to 
have. As a matter of fact, with a pupil of 4 mm diameter, the blur 
circle on the retina due to chromatic aberration was found to be 
0.0426 mm in diameter (see §13); that is, almost ten times greater 
than the width of a cone. But it was explained at the time why this 
blur circle, in spite of its size, did not sensibly disturb good vision. 
The aberrations due to asymmetry of the eye (see §14) are generally 


1§mirTuH’s System of Compleat Opticks, Vol. [, Book I, Chap. 3, 97. 

2 (See Nacev’s note at end of this section. 

From the standpoints of both geometrical and physical optics, it is extremely improb- 
able, even under the most favourable circumstances, that the image on the retina is ever 
actually so small as not to exceed the diameter of a single cone. It must certainly be larger 
than this if either diffraction-effects or aberrations are taken into account. It has been 
found recently that the apparent size of minute objects subtending angles as much as 2 
or 3 minutes of arc depends essentially on the intensity of illumination. 

The aligning power of the eye is essentially different from its resolving power in the 
sense of being able to distinguish the components of a double star. The perception of width, 
that is, of slight lateral differences of position, is distinctly sharper than that of vertical 
dimensions. The precision with which the eye can adjust a mark on a vernier scale to co- 
incide with a division on the principal scale is extraordinarily great. Under the best condi- 
tions skilled observers succeed in making such settings with an average error of not more 
than 3” of arc. In coincidence range-finders the two images can be aligned with an error 
that usually does not exceed 12’, and in some instances with an error of not more than 2”. 
—In daylight a dark line on a bright background whose length is not less than a few minutes 
of arc can be perceived provided its thickness is as much as 1.2 seconds. Under the same 
circumstances a bright line on a dark background must be at least 3.5 seconds wide to be 
recognized. (J. P. C. 8.) 
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much smaller and have less bad effect on vision, unless one tries to see 
horizontal and vertical lines at the same time. 

The resolving power is much less in the lateral parts of the retina 
than in the yellow spot; the decrease near the centre of the retina being 
less than it is farther away from it. The measurements made by 
AuBERT and Forster show that the decrease in different directions 
from the centre proceeds at different rates, being most rapid up and 
down, and slowest towards the outer side of the retina. However, 
individual differences in this respect are fairly large. Another note- 
worthy result from these measurements is that in accommodation for 
distance, the falling off of the resolving power towards the periphery 
of the retina seems to proceed more rapidly than it does in near vision. 
These observers found that a similar decrease of the power of discrim- 
ination of optical images out towards the periphery of the retina cer- 
tainly does not occur in rabbits’ eyes. This proves that the imperfection 
of vision in the peripheral parts of the retina depends simply on the 
peculiarity of the retina, and not at all on the quality of the optical 
images. 

Tos. Mayer, and subsequently E. H. Weper also, used parallel 
white lines separated by black ones of the same width as test-object for 
finding the smallest interval that can be discerned. VoOLKMANN used 
spider filaments on a bright background. For convenience of illumina- 
tion, the author found it better to use a grating of black wires separated 
by intervals equal to the diameter of the wire; which was set up 
against the background of the bright sky. Tos. Mayer also used 
white squares, partly separated by a black grating and partly arranged 
like a chess board. 

In making these tests, the eye should be able to accommodate 
perfectly. When coarser objects are used, which have, therefore, to be 
set up farther away, an appropriate concave lens should be placed in 
front of the eye. The illumination must be strong, but not too dazzling. 
The author observed a striking change in the form of the bright 
and dark straight lines. The width of each bright and dark band in 
his grating was 33 =0.4167 mm. At adistance between 110 and 120 em 
the effect began to be apparent; the grating assuming an appearance 
something like that shown in Fig. 3A. The white lines seemed to be 
curved partly like waves, and partly like a string of pearls with places 
alternately thicker and thinner. In Fig. 3B the little hexagons are 
supposed to be sections of cones in the yellow spot; and a, b, and 
represent optical images of three bars of the grating. Above dd these 
images are shown in their real form; but below dd, all the hexagons, that 
were predominantly black, are made entirely black, and all that were 
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predominantly white, are made entirely white; the idea being that the 
predominant character is responsible for 

the sensation that is perceived. Thus 

in the lower portion of Fig. 3B a pattern 

is obtained that is similar to that in A. d- 
PuRKINJE! saw something of the kind; 4 

and BERGMANN also noticed that some- 

times just before the lines of a grating 
disappeared completely, the grating 
looked like a chess-board, the bands 
sometimes being seen at right angles to their actual direction; all of 
which may be explained in the same way as above.” 

When the widths of two luminous objects used in the test are 
vanishingly small as compared with the interval between them, they 
cannot be seen as separate unless there is an unstimulated retinal 
element between the retinal elements on which their images fall. In 
other words, the diameter of such an element must certainly be less 
than the interval between the two images. However, if the width of 
the object is the same as the dark interval between each pair of 
them, it is not absolutely necessary that, the retinal elements shall be 
smaller than the image of the dark band. A retinal element on 
which the image of the dark band falls, and which extends onits 
_ sides partly into the bright bands, is thus in a position to perceive 
less light than the adjacent elements; provided the total amount of 
light that falls on it is less than that that falls on its neighbours. In 
such cases, therefore, the most we can say is that the retinal elements 
are smaller than the interval between the middle lines of the bright 
bands. As a matter of fact, the results of Tos. Maymr’s experiments, as 
given below, show that with parallel lines the resolving power remains 
the same as before when the width of the black or white bands is 
changed, without varying the total width of the two. This is the reason 
why the author has always used this sum of the two as the width of the 
object, that is, the interval between the middle lines of two adjacent 
objects (contrary to the usage of Mayrer and WrBeER); and this is the 
distance used in calculating the smallest visual angle or angle of 
distinctness. 

The explanation of the greater resolving power of the author’s eye 
as compared with that of other adults may be due to the brighter 
illumination that was possible with his grating. The keenest eye was 
that of a ten year old boy examined by Beramann. Tos. MAYER 
studied the influence of illumination. He found that systems of liner 


Fig. 3. 


1 Beobachtungen und Versuche. I. 122. 
2 HenueE and Prevurrer. Zeitschrift fiir ration. Medizin. (3.) II. 88. 
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could be seen better when illuminated by quite bright daylight, and 
that any higher illumination did no good. At night he obtained lesser 
degrees of illumination by placing a light at different distances from 
the paper. The farther away the light was, the nearer he had to come. 
When the distance of the light was gradually increased from 6 inches 
to 13 feet, the visual angle for white bands with an equally wide in- 
terval between them, increased (as above calculated) from 138 to 344”. 


Distance | Visual 
Size Distance | divided | angle 


Observer Object of Object | from eye |by size of in 
inmm in mm object | seconds 
TMH OOKE. cae snes Fixed stars.........-. en mis See 60 
2. Tos. Mayer ....| (a) Parallel lines with 
intervals of same 
Widthie seek 1.624 3573 2200 94 
(b) Parallel lines with 
wider and narrower 
INGERyals see seer 1.354 3086 2280 90 
3. Tos. MayEr..... White squares sepa- 
rated by black 
gratings sate 1.985 5035 2536 81 
4. Top. Maymr..... Chessiboardeeu peer 2.346 3898 1661 124 
5. VOLKMANN...... Spider webs.........| 0.141 190 1346 153.2 
6. N. N. by 
VOLKMANN..... Spider webs......... ao 352 2500 80.4 


7. TH. WEBER by 
E. H. Weser..| Parallel lines with in- 
intervals of same 


Widths 5 ees 0.113 249 2210 93.3 
8. N. N. by 
E. H. Weser..| Parallel lines with 
intervals of same 
Wiclbhe eran cey tiers Kore 311 2760 73 
9. N. N. by 


E. H. Weser..| Parallel lines with 
intervals of same 


WIidtheeeeneret en Ags 249 2210 90.6 
10. HeLMHOLTZ..... Rodigrating:..+.. 0: 1.083 3500 3232 63.82 
LOH emby, 
Heitmuoutz....| Rod grating......... 2400 2215 93 
12. BERGMANN...... Parallel lines with 
intervals of same 
Within nee: <> 5500 to 2750 75 
8000 4000 51.6 


He found an empirical formula which corresponds fairly well to his 
measurements, namely s =158’’ Va, where s denotes the visual angle 


and a denotes the distance of the light. As the brightness h = a it 
a 


158 
follows that s = Vn 
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Supplement by HetmuHourz (in the first edition) 

A. VOLKMANN has published an account of some new experiments 
which lead him to think that the foveal cones are not fine enough to 
explain the actual visual acuity of the human eye. The principal 
experiments were made with a pair of fine wires stretched in front 
of a bright background, which, by means of a micrometer screw, could 
be brought so close together that the interval between them apparently 
vanished. VOLKMANN considered this interval as the smallest visible 
object, and subtracted from its actual value the irradiation fringe 
by which the width of the wires is apparently increased. Thus he 
found extraordinarily minute values for the smallest images, apparently 
very much smaller than the retinal cones. The author, however, is 
obliged to take exception to VoLKMANN’s results, because, as was 
pointed out above, it is not right to conclude from such experiments 
that the perceptive elements of the retina are smaller than the image 
of the space between the wires, but merely that they are smaller than 
the distance from the middle of one dark band to the middle of the 
next. These latter distances in VOLKMANN’s experiments are not 
very much smaller than those previously found by other observers. 

The experiment with systems of parallel wires, as described above 
in the text, has been repeated by Dr. HrrscHMANN, with many varia- 
tions, in order to find the best conditions. He obtained values of 
the angle of distinctness in some cases as small as 50 seconds, which 
means on the retina a width of 0.00365 mm. But the most recent 
measurements of the diameter of foveal cones are as follows: M. 
ScuHuLtTzE, 0.0020 to 0.0025 mm; H. Mixer, 0.0015 to 0.0020 mm; 
and WELCKER, 0.0031 to 0.0036 mm. Thus, the cones are minute 
enough to account for the actual resolving power of the eye. 

In other experiments VoLKMANN used letters, figures and other 
forms of objects, and attempted to establish the fact that the num- 
ber of cones on which the image of the object fell is not large enough 
to enable its form to be discerned. But it should be remembered 
that when the eye is moved, the image of a letter may be formed 
successively on different groups of cones, in relatively different posi- 
tions on the single cones; and that differences which perhaps disappear 
in one position of the image may become clear in another. 

The author does not believe, therefore, that we are forced to aban- 
don the view that the retinal cones are the perceptive elements. But 
it is possible, judging from the most recent observations of 
M. Scuurtze, that the rod-like ends of the cones in the yellow spot, 
turned towards the choroid and separated from each other by black 
pigment, which measure only 0.00066 mm, may be the only sensory 
elements, and not the entire cones. 
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Oculists usually measure visual acuity by means of letters of 
different size which the patient is made to view from a considerable 
distance, with spectacle glasses to aid the accommodation. The 
measure of the visual acuity of the eye is expressed by a fraction, 
whose numerator is the distance at which those letters are still legible, 
whereas the denominator is the distance at which they subtend an 
angle of 5’. These latter distances were used in SNELLEN’s test-charts. 

_ According to Vrorsom DE Haan, the visual acuity at ten years 
of age is 1.1; at forty years, 1.0; and at 80 years, 0.5; showing a gradual 
decrease with advancing age. But E. Javau finds that when astigmat- 
ism is corrected and the illumination is good (equal to 500 candles at 
a distance of one metre) the visual acuity is from 1/4 to 1/3 higher 
than that given by pe Haan. 


Note by W. NAGEL 


In open daylight or with pretty good artificial illumination, the visual 
acuity as determined by the SNELLEN test above mentioned is found to be 
on the average higher than unity. Some letters can be recognized better than 
others; and therefore at present instead of letters it is commen to use hook- 
shaped figures in the form of E or E, and the test consists in saying which side 
of the figure is open. Just as in the case of the SNELLEN test-type, the visual 
acuity is put equal to unity when the hook-figure that can just be distinguished 
subtends a visual angle of 5’. The figures are constructed so that the width 
of each separate black line is one-fifth the total width of the figure. 

Higher values of the visual acuity are obtained by tests with these hooks 
than with letters and numerals; for example, with good illumination or sky- 
light, the visual acuity of the normal eye measured in this way averages 
between 1.5 and 2.0. And it is not rare to find persons with visual acuity 
even as high as 4, particularly in the case of savages, some of whom, according 
to measurements of H. Conn, KoTreLMann and G. Frirscu, certainly have 
a visual acuity of 6. Coun finds that the average visual acuity of savages 
is not strikingly greater than that of civilized people; but the more thorough 
investigations made by G. Frrrscu indicate a distinct, although no very 
great, superiority among savages in this respect. 

In Listina’s schematic eye, according to the data given above in the 
text, an angle of 60” corresponds to a length of 0.00438 mm on the retina. 


1 qIt is well known that the sense perceptions of savages are very extraordinarily 
developed in some respects, as shown by their astonishing quickness in shooting, hunting, 
etc. Quality of vision and high visual acuity depend largely on training in youth and 
practice. Humsoupt, describing his adventures in the Andes mountains, relates incident- 
ally how the Indians in his party were able to discern his guide in a white cloak a long way 
off as a white point moving in front of black basaltic rock walls, before HumBotpT himself 
could make him out through his-field glasses; although soon afterwards he also was able to 
see the guide with his naked eye. The natives were cleverer and quicker in perceiving this 
faint object, but their actual visual acuity was probably not much higher. Apparently, 
the visual acuity of mankind has not changed materially in several thousand years. We 
know from the records of antiquity that the seven stars of the Pleiades appeared the same 
to former generations as they do today. Stars of the seventh magnitude were invisible to 
the normal eye then as now. (J. P. C. 8.) 
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With a visual acuity of 5, on the basis of SNELLEN’s system of measurement, 
pene or hook that could just be discerned would subtend an angle of 60” or 

Assuming, as Hetmuotrz did on the basis of KonLLIkER’s measurements, 
that the diameter of the smallest visual element of the retina is 0.0045 mm, 
the image of the tiniest test-figure that could be discerned by an eye whose 
visual acuity was equal to 5 would have to be formed on the surface of a 
single retinal cone. If that were the case, the power of discerning form would 
be incomprehensible. But, as HetmuHoxtz himself states in his supplement 
to this section, H. MULLER found that the foveal cones are much narrower, 
their diameters being from 0.0015 to 0.002 mm (which is in accordance with 
the most recent measurements made by G. Fritscu). Thus on the assump- 
tion of fine cones of this kind, even the high values of the visual acuity recently 
obtained by Coun and Fritscu are comprehensible at least for the simple 
E-figures. (N.) 


The researches of AUBERT and FoOrster as to the precision of 
vision in the peripheral parts of the retina were carried out by two 
methods. In the first method, in order to secure the position of the 
eye and also to protect it from lateral glare, the observer looked 
through a firmly clamped black tube at an arc (2 feet wide and 5 feet 
long) on which various characters, letters and numerals, were marked 
at equal intervals apart. The contrivance could be moved on rollers, 
so that after each test the portion of it within sight of the observer 
could be quickly changed. The letters and numerals were in no regular 
series of any sort, and so the observer could never guess any numbers 
except those which he had actually seen. A Leyden jar in front of the 
arc was discharged from time to time, thereby illuminating the charac- 
ters for an instant. In the intervals it was so dark that, while the 
observer was barely able to see the place where the letters were, he 
could not discern their forms. An assistant adjusted the arc with the 
letters on it in any position he pleased, and after each inspection the 
observer told what characters he had recognized. Four ares were 
used with characters of different size; and the distance between the 
observer and the objects could be varied. 

The angle subtended by the portion of the are which contained 
characters that could be recognized, that is, double the angle between 
the visual axis and the extreme outside visible letter or figure, AUBERT 
called the space-angle (Rawmwinkel); and the angle subtended by the 
longest dimensions of the visible characters he called the number-angle 
(Zahlenwinkel). In terms of this nomenclature, the result of the tests 
was found to be, that with characters of the same actual size, the ratio 
between the number-angle and the space-angle was nearly constant; 
provided the space-angles were not more than 30° or 40°, in which case 
the number-angles were rather larger than they should have been in 
order to obey this rule. On the other hand, with characters of the same 
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apparent size, small characters nearer the eye were easier to discern than 
larger characters farther away. The following table gives the results 
that were obtained in this case for the ratio between the space-angle 
and the number-angle: 


Ratio of space-angle to 
Actual size | Limiting number-angle 
of characters | value of 

in mm space-angle| Minimum | Maximum| Mean 
26 25° @ 7.9 7.18 

26 40 6 7.3 6.69 

13 27 11 12 11.14 

7 27 ORT, 14.5 12.79 


In the second column, under “limiting value of the space-angle,”’ 
the extreme value is given for which the ratio of the two angles was 
found to be approximately constant. The last column shows that the 
ratio between the two angles increases when the actual size of the 
characters is diminished. The reason for this is difficult to explain. 
Could it be that the mechanism of accommodation somehow alters the 
peripheral parts of the retina? AUBERT supposes that in far vision 
the rods are obliquely disposed in the marginal portions of the retina, 
and consequently hamper the normal procedure of the rays of light. 

In the second method the apparatus represented in Fig. 4 was used 
with ordinary daylight. A is a strip of white lacquered tin, 30 cm 
long and 5 em wide, which 
can be turned around the 
axle u like the wing of a 
windmill. It can be raised 
and lowered on the up- 
right B which is fastened 
to the baseboard C. The 
observer’s eye is placed 
at the other end of the 
board, opposite the axle 
u; his other eye being 
screened by a piece of 
black paper D, which is 
fastened to a wooden upright d and capable of being turned to the 
right and left. The axle of the tin strip is 20 cm away from the middle 


of the line connecting the two eyes. The board C has a handle under- 
neath. 


Fig. 4. 


37] §1°. Stimulation by Light 41 


The observations were made by putting the nose on the wooden 
rod d, covering one eye with the screen, supporting the chin on the 
board in front of the screen, and adjusting the axle of the tin strip 
at the same level with the eyes. Thus stationed, the observer gazes 
steadily at the middle of the strip (or the tip of the axle). There 
is a white card b which slides in grooves in the tin strip; and it 
has two points marked on it. He gradually moves it from one side 
towards the point of fixation; and as soon as he can distinguish the 
two points by their images in the periphery of the retina, the card is 
halted, and the distance between the two points and the point of 
fixation is read on a scale on the tin strip. The same measurements are 
repeated with the tin strip inclined to the horizontal at various angles. 
There were several white cards, each with two round black spots on 
them, of various sizes and at different distances apart; but the two 
spots were always symmetrically situated with respect to the axle wu. 

The results of these measurements for a pair of black spots 2.5 mm 
in diameter and at a distance of 14.5 mm apart are exhibited in Fig. 5. 
The continuous 
contour line is the 
diagram for 
AUBERT’s eye, and 
the dotted line for 
FORSTER’S eye. 
The radi vectores 
all intersect in the 
point corresponding 
to the point of fixation of the eye; and those that are drawn in the 
figure indicate the directions of the strip of tin for which actual meas- 
surements were made. The points designated by O and U are the 
upper and lower limits of the field in the vertical meridian, and the 
points designated by A and J are the temporal and nasal limits in the 
horizontal meridian. The length of the line ab shows the distance of 
the eye from the tin strip, which was 20 cm; all the linear dimensions 
in the diagram being one-fifth actual size.t_ Accordingly, these areas 
are, first of all, those parts of the field of view within which two dots 
of the given dimensions and interval apart may be distinguished. The 
corresponding areas on the retina are obtained by inverting these 
diagrams. The irregular oval form of the contour is quite different 
even for the two eyes of the same individual. 


1 AuBERT states that the dimensions in the diagram are reduced one-fourth; but this 
does not agree with his numerical data. 
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The average results of measurements with different pairs of dots 
are shown in Fig. 6; where a designates the point of fixation. With 
each pair of dots the measurements 
were made on four eyes in eight 
different meridians. The length of 
the line ab is the average distance 
between the eye and the tin strip 
for one pair of dots; similarly, ac is 
the average distance for another pair of dots, etc. The pair of dots 
at c is the pair for which Fig. 5 is drawn. Evidently, the farther away 
the eye is, the more rapidly the interval increases between the pair 
of dots. The average results as actually obtained were as follows 
(distances all given in millimetres) : 


Fig. 6. 
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Moreover, in these tests both AuBERT and Fo6rsterR frequently 
discovered also places in the retina that were insensitive, small blind 
spots as it were, where one of the dots or both of them suddenly 
vanished. At some of these places the blindness was apparently 
only temporary; but there were others where it was more or less per- 
manent and which could always be found again. 


The phenomena of the blind spot, were discovered by MArIoTTE who was 
interested in finding out what sort of vision there was at the place of entrance 
of the optic nerve. The experiment aroused so much interest that he per- 
formed it before King Cuarues II of England in 1668. Picarp modified the 
experiment in such a way that even with both eyes open, the observer could 
not see anything. The way he did it was to fasten a piece of paper on the wall, 
and stand off from it at a distance of about ten feet; then holding his finger 
right in front of his face, he converged both eyes on it so that its image fell 
on the blind spot of each eye and therefore was not seen at all. Otherwise, 
under the same circumstances it would have been seen double. Mariotrs made 
still another improvement of the experiment by making two objects vanish 
with both eyes open. Two bits of paper were fastened at the same level on a 
wall, three feet apart. The observer stands about twelve or thirteen feet 
from the wall with his thumb held about eight inches from the eye, so that 
it hides the left-hand piece of paper from the right eye and the other piece 
from the left eye. Now if he looks at his thumb, both pieces of paper will 
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disappear because their images fall on the blind spot of that eye from which 
neither of them is screened by his thumb. Lx Car tried also to calculate the 
size of the blind spot on the retina, but he found it far too small, namely, 
from 0.20 to 0.25 Paris line. Danie Bernoviiui drew its outline on the 
floor. The way he did it was to close one eye and hold the cord of a plummet 
close to the open eye; the plummet itself just missed the floor. Looking ver- 
tically down the cord, he tried to find the places on the floor where a coin 
would have to be put so as just to begin to disappear from view. The figure 
he got was nearly elliptical. But lacking sufficiently accurate data as to the 
optical constants of the eye, he got too high a value for the size of the blind 
spot. According to his calculation its diameter was about one-seventh of 
that of the eye. 

MariotTrTe’s discovery led to a lengthy discussion of a question, which, 
with the meagre knowledge of the nerve-functions at that time, was perhaps 
bound to arise; namely, as to whether it was really the retina that perceived 
light, as had been assumed by Krpier and Scurerner. Mariotre decided 
that it was the choroid, because this coating was absent in the blind spot, 
while the fibres of the retina are very numerous there. In fact, a whole line 
of men notable in optical science, as, for example, Mery, LE Car, MiIcHELL 
and, among more recent ones, BREWSTER, espoused MARIOTTE’s view of the 
matter. Thus, it was argued that, since the retina was transparent, it could 
not retain the light, and that it was too thick to give a sharp image. LE CaT 
even tried to show that the choroid was a continuation of the Pza Mater of 
the brain. The sensitivity of the retina to light was defended by Prcquet, 
DE LA Hire, Hauer, PorTERFIELD, PreRRAULT and ZINN. Curiously 
enough the chief argument they used to support this view was that the retina 
was the anatomical development of a very large nerve, whereas the choroid 
has only a few small nerves. The other arguments that were advanced to 
support their opinion and to offset the difficulties about Mariotrn’s experi- 
ment were not of much value. PorTERFIELD maintained that the optic nerve 
was still surrounded and permeated by the sinewy sheaths of the nerve at 
the place where it entered the eye, and was not soft and delicate enough 
to be sensitive to so nice an agency as light. HA. rr also argued that there 
was no real retina at the entrance of the optic nerve but a white porous 
membrane which may be unsuitable for vision, without implying that the 
retina itself is unsuitable. Others, for example, RuDoLPHI, and Cocctus too 
at first, believed that the non-sensitive place corresponded merely to the 
central vessels of the optic nerve; but as soon as the optical constants of the 
eye were more accurately known, this view was shown to be untenable by 
authorities like HANNovER, E. H. Wezer, A. Fick, and P. pu Bors-Rrymonp. 
J. Mixer thought that the matter could be explained on the assumption 
that the Mariorre effect was analogous to the disappearance of the images 
of coloured objects when they are formed on a white background on the 
peripheral parts of the retina; which will be discussed later in §23. This is 
due to fatigue of the retina. But he supposed this occurred very much more 
rapidly and suddenly at the place of entrance of the optic nerve. The ob- 
jection to this is that a bright object which emerges suddenly in the invisible 
gap in the field of view is not perceived at all, and so does not stimulate the 
visual substance at all; and hence there can be no question of fatigue. 

The necessary conclusions from the facts as above set forth were form- 
ulated by the writer as long ago as 1851. He took the position then that 
objective light was incapable of affecting the fibres of the optic nerve as well 
as the fibres that spread over the anterior surface of the retina. At that time 
it had not been discovered that there was any anatomical connection between 
the layer of rods and the nervous elements of the retina; and hence the only 
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assumption that could be made was that the retinal nerve cells or granules 
were the light-sensitive elements. Soon thereafter H. MULuEr discovered 
the radial fibres of the retina connected with the elements by the cones and 
rods. Koxr.iriker showed that they were in the human eye. Both of them 
conjectured that the elements of the layer of rods were the light-sensitive 
elements; and, finally, the physiological proof of it was produced by 
Mier. It is true the same view had been previously put forth by TREvrra- 
nus, but without sufficient information as to the microscopical structure. 
He called the light-sensitive elements nerve papillae. 

Precision of vision has been an object of research ever since the time when 
telescopes began to be made. Hooxe used the right principle before anybody 
else, by trying to find out what had to be the angular distance of the com- 
ponents of a double star in order for it to be recognized as such. But nearly 
all subsequent investigators have tried to ascertain the smallest size of a 
black dot that can still be made out by the eye; and, naturally, the results 
obtained have been very various. Among these may be mentioned HEVELIUS, 
Smit, Junin, Tos. Mayer, Courtivon, Munck, and Treviranus. The 
influence of illumination in these tests was recognized by Jurtn and Mayer. 
JuRIN supposed that the reason why the visual angle has to be greater in 
order to distinguish two marks as separate from each other than it has to be 
in order to recognize each mark by itself, was because the eye trembled and 
hence the images formed on two rods merged together. VoOLKMANN gave 
the reason why the only way to have a constant measure of visual acuity is 
by the method of separating two distinct objects. Measurements by this 
method were made by E. H. Wesrr, BrRGMANN and Martké Davy. 
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A Supplement by W. NacEeL 
§18. A. Changes in the Retina due to Light 


There are certain positive effects produced in the retina that are 
manifestly dependent on the action of light. 


1. Structural Changes 


When the retina of the eye is subjected to microscopical examina- 
tion, numerous differences are found between preparations which 
have been kept in the dark before fixing and staining and those which 
have been exposed to light. In the latter case the nuclei in the various 
layers and the cone-ellipsoids will not take up the stain in the same 
way as they do when the retina has not been exposed to light. For 
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example, after exposure to light acid dyes do not produce so marked a 
stain.? 

Changes also have been found in the ganglion cells of the retina; 
particularly by Brrcu-HirscureLp? in treatment of preparations 
by the Nissi method of staining. With exposure to greater illumina- 
tion these changes may be even great enough to lead to the formation 
of vacuoles, etc. In such cases it is not certain whether the result 
is due to direct action of light on the ganglion cells and cone nuclei, or 
whether this excessive stimulation of light takes place simply in the 
cones, while the changes in the nerve cells are after-effects of con- 
duction of powerful stimuli. It is more likely, perhaps, direct action 
of light. 

AncELUuCccrI’ found the chemical reaction of the retina was alkaline 
in the dark and acid in the light; and subsequent researches have con- 
firmed this result.‘ 

The phenomena of the phototropic migration of pigment and con- 
traction of the cones under the influence of Jight have been studied by 
many investigators. These effects are particularly interesting because 
the whole microscopical appearance of the retina may be essentially 
changed as a result of these processes. 

F. Bou found that the retina of a frog’s eye that had been kept 
in the dark for several hours may be easily removed from the eyeball 
as a translucent membrane; but that when the eye was exposed to 
light, the retina clung fast to it and usually would not come off except 
in pieces, which are deep black in appearance. In the latter case, the 
pigment epithelium remains attached to the layer of rods and cones, 
whereas in the former case it does not. Bou,’ Czerny,® ANGELUCCI,’ 


1 See BrrNBACHER, Vv. GrAEFEs Arch. f. Ophthalm. 40, 1894. Summary of the literature 
is given by S. Garten, Grarre-SAmiscus Handbuch der gesamten Augenheilkunde. I. Teil, 
III. Band, XII. Kapitel, Anhang. 

See also brief review of literature on this subject as given by S. R. Derwimer, The 
effect of light on the retina of the tortoise and the lizard. Jour. Exper. Zool., 20, 1916, 
165-191. (H. L.) 

2y. Gragres Archiv. f. Ophthalm. 50, 1900 and Arch. f. Anat. u. Physiol. 1878. 

3 Encyclopédie francaise d’opht. II. 8. 108. i 

49See R. Dirrizer, Uber ‘die Zapfencontraktion an der isolierten Froschnetzhaut. 
Pruitgers Archiv., 117, 1907, 295-328. Idem, Uber die chemische Reaktion der isolierten 
Froschnetzhaut. Ibid., 120, 44-50. — S. Garren, Die Veranderungen der Netzhaut 
durch Licht. Grarre-Samiscu Handb. d. ges. Augenheilkunde I. Teil, III. Band, XII. Kap., 
Anhang. S. 1-130. — G. F. Rocuat, Uber die chemische Reaktion der Netzhaut. Arch. 
f. Ophthalm., 59, 1904, 170-188 (in which the position is taken that light does not cause any 
change in the reaction of the retina). — L. B. Anny, The movements of the visual cells and 
retinal pigment of the lower vertebrates. Jour. Comp. Neur., 26, 1916, 121-202. (H.L.) 

5 Monatsberichte d. K. Akad. d. Wiss. Berlin 1877, January. 

6 Sitzungsber. d. K. d. Wiss. Wien LVI. 1867. 

7 Arch. f. Anat. u. Physiol. 1878. 
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and Ktune! were all aware that the pigment of the epithelial cells, 
which consists of fine brown granules and needles, may migrate in 
between the rods, and that then the individual rods are surrounded by 
a thick mantle of pigment. What occurs here is not some sort of 
amoeboid extension and contraction of protoplasmic processes of the 
pigment-cells, as might be supposed at first thought ; for these processes 
always project between the rods, even when the eye is protected from 
light. In the dark the pigment simply migrates into the cell-bodies 
close to the nucleus; but under illumination it migrates away from the 
light into the processes between the rods. On exposure to light the 
rods also become somewhat thicker, and consequently the rods and 
pigment-processes adhere to each other firmly, so that when the retina 
is removed from the open bulbus, the pigment-layer is torn away with it. 

The forward migration of the pigment due to exposure to light 
takes place more quickly than the return movement in darkness. In 
sunlight the completed light-position is assumed in about ten minutes, 
whereas the typical dark-position is not completed for an hour or 
more. Fifteen minutes is sufficient to complete the migration in an 
enucleated dark eye in sunlight, while the dark reaction requires a 
considerably longer time for its completion.’ 

Pigment migration may be observed very distinctly not only in 
amphibians but in fishes and birds. It is not so distinct in reptiles.’ 
Nor can it be said to have been certainly demonstrated in mammals,* 
although likewise in them the retina clings more tenaciously to the 
choroid when the eye has been illuminated. 

The short wave-lengths in the blue part of the spectrum seem to 
have more effect on pigment migration than the long or red ones. The 
eye itself being kept dark, it is sometimes sufficient merely to expose 
the posterior end of the animal in order for the pigment to assume its 
light-position (ENGELMANN).° Various other influences, such as heat, 
low temperature,’ irritation of the membrane may also bring about the 
light-position in the dark, perhaps as a reflex action. But direct action 
of light on the retina is possible quite independently of the migration 

1 Untersuchungen aus dem Heidelberger physiol. Institut. 

2 qSee L. B. Arny, The function of the efferent fibres of the optic nerve of fishes. 
Jour. Comp. Neur., 26, 1916, 213-245. (H. L.) 

3 ¥See 8. R. Derwiter, loc. cit. Also H. Laurens and’S. R. Derwirer, Studies on 
the retina. The structure of the retina of Alligator mississippiensis and its photochemical 
changes. Jour. Exper. Zool., 32, 1922, 207-234. (H. L.) 

4 JSee Garten, loc. cit., p. 72. (H. L.) 

5’ {According to L. B. Anny (loc. cit., 1916), this is not the case. See also A. E. Fick, 


Uber die Ursachen der Pigmentwanderung in der Netzhaut. Viertelj. Naturf. Gesell. in 
Zirich, Jahrb. 35, 1890, 88-86. (H. L.) 


6 {See L. B. Anny, loc. cit—H. Hmrzoa, Experimentelle Untersuchungen zur Phy- 
siologie der Bewegungsvorgange in der Netzhaut. Arch. f. Physiol., 1905, 413-464. (H. L.) 
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of pigment in the enucleated eye, as is shown by an experiment de- 
scribed by Kiune. He contrived to illuminate the eye of a frog so that, 
while some parts of the retina were very bright, the other parts got as 
little light as possible; and he found that the pigment adhered only to 
the bright parts and not to the dark places.! 

A change which occurs in the cones of the retina under the action 
of light and which is easy to demonstrate was discovered by vaN 
GENDEREN Stort.’? This consists in a shortening of the inner segment 
on exposure to light. The effect is very considerable in the case of a 
frog, the inner segment being shortened more than 50 percent. It is 
even greater in many fishes. GARTEN observed a shortening of from 
50u to 5u in the shiner (Abramis brama).? Apparently, this reaction 
does not take place in the eel. In reptiles and birds the amount of 
shortening is much less.*| In mammals it is very slight, but GarTEn 
seems to have shown that it does certainly occur in monkeys. So far 
as the human eye is concerned, there is no proof of it. 

In amphibians and fishes the displacements produced by shortening 
of the inner segment are so considerable that the cones, whose outer 
segment in the dark eye is in the outside zone of the layer of rods, are 
found in the light eye up against the external limiting membrane. 
However, many of the cones are stationary, for example, in the frog’s 
eye. These stationary cones are generally near the limiting membrane. 

Cone contraction takes place more quickly than pigment migration. 
For example, when the eye of a frog is exposed to bright daylight, the 
contraction is complete in two minutes. The sensitivity of the reaction 
is also much greater; the light-position of the cones being brought 
about by the light of a candle, although the forward migration of 
pigment is not affected at all, or very slightly anyhow, by such an 
illumination.° 

According to Hrrzoc,® cone contraction is induced not only by 
direct stimulation of light but by all kinds of irritations of the mem- 
brane, in a much greater degree than pigment migration. Ignorance 
of this fact may be responsible for the erroneous idea that displace- 
ments of individual parts of the retina are due to the action of light. 


1qQR. Dirrier, loc. cit. (H. L.) 
2 Onderzoek. Physiol. Labor. Utrecht (3), 9, 145, 1883. 
3 qL. B. Argy, loc. cit. (H. L.) 
49C. Hass, Gesichtsinn in WintersteIns Handb. d. Vergl. Physiol., Bd. 4 (1913), 
744, 751. — Garten, loc. cit. — Detwiter, loc. cit. — Laurens and Drtwiter, loc. cit. 
GLa 

5 {L. B. Arny, A retinal mechanism of efficient vision. Jour. Comp. Neur., 30, 343-353. 
(H. LL.) 

6 Arch. f. (Anat. u.) Physiol. 1905, 413 
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It is still a moot question as to whether stimulating one eye by 
light can bring about a similar light-position of the cones of the other 
eye, when the latter has not been exposed. ENGELMANN' believes 
that it can, but A: E. Ficx? denies it. It is not easy to avoid sources of 
error in carrying out the experiment. 

Any theoretical explanation of the photo-mechanical movements 
of the retinal pigment and cones must be advanced with some hesita- 
tion. The first thing to bear in mind is that neither of these processes 
has been absolutely proved so far as the retina of the human eye is 
concerned; and that even in the case of mammals, where the tests are 
more easily carried out, usually there are just faint traces of these 
phenomena, which are much less in evidence than they are in fishes 
and amphibians. The fact is, there is not a single positive proof that 
the changes in the mutual arrangement of the parts of the retina, as 
they are found to occur in microscopical preparations of light- 
adapted and dark-adapted eyes, really proceed in the same way during 
life. With very many other contractile tissues and also with individual 
contractile cells, such as amoeba, it is impossible or extremely acci- 
dental to get fixation in the state either of contraction or of expansion as 
may be desired. In chemical fixation and in the isolation of elements 
in maceration preparations violent stimulations of the tissues cannot 
be avoided; and there is always the possibility that with the micro- 
scopical preparation light and darkness have merely a quantitative or 
qualitative effect on the receptivity of the stimulation by the pigment 
cells and cones. However, supposing (as is plausible) that the dis- 
placements in the normal retina in situ take place in the same way as 
they do in microscopical preparations, we must try to connect these 
phenomena with the change of excitability of the visual apparatus in 
the transition from light adaptation to dark adaptation. Many 
different conjectures of this kind have been made. One question is 
whether the pigment movement has anything to do with the formation 
of the visual purple. On the other hand, the isolation of the rods by the 
insertion of pigment between them has been supposed to be a protec- 
tion against disturbing diffusion of light in the visual epithelium. 
Detailed discussion of these*questions had better be postponed until 
we come to consider the more modern theories concerning the functions 
of the rods and cones. 


1 Arch. f. d. ges. Physiol. 35, (1885). 


* Vierteljahrsschr. naturforsch. Ges. Ztirich 35, 1890. 40, 1894—v. Grarres Arch. f. 
Ophthalm. 37, 1891. 
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2. The Bleaching of the Visual Purple 


The purple or rose-red colouration of the outer segments of the 
rods, which, under some circumstances, makes the entire isolated 
retina appear coloured, is evanescent under the action of light, or 
photolabile. This red colouring matter had already been noticed by 
H. Miter, Leypig and Max Scuurtrze. Its most interesting 
property, namely, its high sensitivity to light, was discovered by 
Fr. Bout.’ More precise data concerning the ‘‘visual purple” or 
“visual red” were obtained by the researches of Kiiune,? K6nia,? 
ABELSDORF,’ TRENDELENBURG,’ GARTEN,® and other workers.’ 

Visual purple has been found in the rods of man and of all verte- 
brates that have been investigated. Where there are no rods, there is 
also no visual purple as in the retina of many birds and reptiles, as 
well as in the rod-free area (fovea centralis) of the human retina.’ In 
many animals only parts of the retina contain much purple. In the 
rabbit there is a horizontal streak—the so-called purple ridge—that is 
particularly deeply coloured. In the rods of the outer margin of the 
retina, near the ora serrata, no purple is found. 

Besides the red rods, isolated green rods have been seen in the 
case of the frog. 

With a view to seeing the purple colour, the animal should be kept 
in darkness two hours or longer before it is killed, and the retina 
then removed from the eye. Owing to the sensitiveness of the colour- 
ing matter to green and blue light, the preparation of the retina should 
be made under illumination by red light or the yellow light of a sodium 
flame. The entire retina of a frog is easily removed by seizing it with 
a pointed forceps at the entrance of the optic nerve. The retina of an 
owl, which is extremely rich in visual purple, can be removed by open- 


1 Berlin. Monatsber. 12. Nov. 1876; Acad. dei Lincei, 3. Dec. 1876; Arch. f. Anat. u. 
Physiol. 1887. 

2 Untersuchungen d. physiol. Instituts Heidelberg. II. III. 1V; also summary in HERMANNS 
Handbuch der Physiologie. II. 1879 

3 A. Konia, Gesammelte Abhandlungen. XXIV. Uber den menschlichen Sehpurpur und 
seine Bedeutung fiir das Sehen (Also in: Sitzwngsber. Akad. Wiss. Berlin. XXX. 1894). 

4 Sitzungsber. Akad. Wiss. Berlin. XXXVIII. 1895; Zeitschr. f. Psychol. und Physiol. 
d. Sinnesorgane. 12, 1896. 

5 Zeitschr. f. Physiol. u. Psychol. d. Sinnesorg. 37, 1904. 

6 Grare-Samiscus Handbuch der Augenheilkunde, 1. Teil, III. Band, XII. Kapitel. 

7 ¥Some recent work in this subject is to be found in the following: V. Henr1, Photo- 
chimie de la rétine Jour. Physiol. et Path. gen., 13, 1911, 841-856. — S. Hecut, Photo- 
chemistry of visual purple. I. The kinetics of the decomposition of visual purple by light. 
Jour. Gen. Physiol. 3, 1920, 1-13; and by same author, The effect of temperature on the 
bleaching of visual purple by light. Jour. Gen. Physiol., 3, 1921, 285-290. (H. L.) 

8 (EpripGE-GREEN and Devereux deny that the visual purple is absent from the 
fovea of the retina of the monkey’s eye (Trans. Ophth. Soc., 22, 1902, 300), but their ob- 
servations lack confirmation. See Parsons Colour Vision, 12. (J. P. C. 8.) 
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ing the eye under water (or physiological salt solution) and cutting 
away the attachment to the optic nerve. The same technique is used 
with the eyes of mammals. However, in the latter case, after the eye 
has been sectioned equatorially, it is well to let it stay an hour in 4 per- 
cent alum solution to harden the retina and prevent it from tearing. 
The isolated retina is then laid, rod-side outwards, on a plate of 
ground glass or, better still, on a little porcelain dish of the same curva- 
ture as the eyeball. 

In the eye of an animal that has just been killed or paralyzed by 
curari, a strong contrast image can be produced by pointing the eye, 
say, at the cross-bar of a window. Under certain circumstances, 
KtuneE got in this way sharply delineated bleaching effects or so- 
called optograms, which are miniature reproductions of the objects 
depicted. The parts that have been exposed to light are bleached, 
whereas the shaded portions remain distinctly red. 

Good optograms are not so easy to obtain in a frog’s eye, because 
the illuminated parts of the retina stick so fast to the pigment epithe- 
lium that it cannot be taken out entire and laid on a little porcelain 
knob. The retina comes away more easily when the frog is first 
curarized and then made oedematous by being kept in water for several 
hours. According to S. GARTEN, quinine poisoning is similarly effec- 
tive. 

Visual purple cannot be detected by the ophthalmoscope in the 
living eye of either man or mammal of any kind, because the trans- 
parent retina is seen either on a very darkly pigmented background or 
on one that shines with a bright colour (the tapetum of predatory 
animals). However, there are some animals that have a white, or 
almost white, tapetum; and with these ABrELsporF' succeeded in 
getting ophthalmoscopic proof not only of the unbleached visual 
purple but also of its bleaching in bright light. The shiner (Abramis 
brama) among fishes and the crocodile (Alligator lucius) among reptiles 
are particularly favourable for this observation. 

The visual purple is not soluble in water. Alcohol, ether and 
chloroform, as well as most acids and alkalies, quickly destroy its 
colour. On the other hand, it is very soluble in solutions of the salts 
of the bile acids, which dissolve the substance of the rods almost in- 
stantaneously. 

If unbleached retinas are placed in the dark in a 2 to 5 percent 
solution of sodium glycocolate, and if the liquid is then filtered and 
centrifuged, a clear solution will be obtained that shows the purple 


1 Sttzungsder. Akad. Wiss. Berlin. XVIII. 1895; Zeitschr. f. Psychol. u. Physiol. d. Sinnes- 
org. 14, 1897; Arch. f. (Anat. wu.) Physiol. 1898. 
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colour very distinctly, when it is evaporated in vacuum over sulphuric 
acid down to a few drops. This solution is also photo-sensitive. 
In darkness it keeps its colour; in light it bleaches, in a few minutes in 
daylight, but more slowly under artificial illumination. 

Visual purple both in the fresh retina and in solution has not the 
same hue in all animals. Thus in the frog and cat it is almost red; in 
owls and fishes it is a purple containing much violet. In man also, 
according to Kune, it is more violet than it is in the frog. 

The process of bleaching may run through different gamuts of 
colour. Thus under some circumstances the colour gets more and 
more whitish until finally the retina is almost devoid of colour. In 
other instances, the purple changes to red, orange and yellow, in suc- 
cession, not becoming white for a long time. This second case, when a 
distinct yellow tint is one of the stages, is characteristic of rapid 
bleaching under brilliant illumination (sunlight), as Garten has 
shown; whereas simple fading out occurs when the bleaching is pretty 
gradual. 

The visual purple is converted into a very light-stable yellow pig- 
ment when it is treated with certain metallic salts, such as zine chloride 
or platinum chloride, or with acetic acid. Insome circumstances dis- 
tinct red colouration is left on the retina by action of formaldehyde. 

The quantitative results on the absorption of spectrum light by 
visual purple, as determined by KtHNeE and by Konic and his pupils, 
and recently by TRENDELENBURG and GaRTEN, are of particular 
interest. Clear solutions were used in making these measurements, 
and during the determination of the absorption they must be protected 
from bleaching as much as possible. If the absorption values are 
represented by a curve plotted with wave-lengths as abscissae, and 
the amount of absorption of the separate kinds of light as,ordinates, a 
distinct maximum of absorption is found in the green part of the 
spectrum. 

Tn the fish retina, which is more of a violet purple, the maximum of 
absorption is more towards the yellow-green, according to the measure- 
ments of KorkTTGEN and ABELSDORF." 

A comparison of the absorption of unbleached solutions with 
that of solutions which have been more or less bleached shows first 
of all a diminution of absorption in the green as a regular effect of 
the action of light. When the conditions were such that the colour 
of the retina changed to yellow-red, Garren? found, along with 
diminution of absorption in the green, increased absorption in the 


1 Sitzber. Akad. Wiss. Berlin, XX XVIII. 1895. 
2y. GrazrsEs Arch. f. Ophthalm. LXIII. 1906. 
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violet. The conclusion was that a yellow decomposition product 
(Kiune’s “visual yellow”) was the result of the bleaching of the 
purple. It is not unlikely that some such yellow material may also be 
produced in slight quantities in the live retina. However, according 
to the evidence of experiments on the retinas of animals and with 
solutions of visual purple, an assumption of this kind is not justifiable 
except in the unusual instance where a retina, which has been kept in 
the dark for a long period so as to develop a large supply of visual 
purple, is suddenly exposed to a very strong light. 

Proceeding on the assumption that in typical total colour-blindness the 
formation and bleaching of visual purple takes place normally, the writer 
has carried out experiments on a totally colour-blind girl which, had they 
succeeded, might have resulted in proving the development of a “visual 
yellow” intra vitam. The girl was required to equate green and violet with 
the Hrtmuoxrz spectrophotometer, which she did easily of course. Now if 
under certain conditions her retina contained a more yellowish pigment than 
under other circumstances, this might be indicated eventually by the fact 
that the green-violet adjustment which was right under one set of conditions 
would be wrong under the other conditions. But the writer could get no 
uniformity in this respect, although comparisons were made: First, between 
one eye that had been dark-adapted for one hour and the other eye that in the 
meantime had been exposed to bright daylight (of course, taking into con- 
sideration the very much greater sensitivity of the dark eye, for which both 
halves of the comparison-field were proportionately dimmed); and, second, 
between one eye, which was in the average state of light adaptation in day- 
light, and the other eye which had been kept closed for a long time and was 
then quickly light-adapted under the action of a bright Auer lamp. The 
object in view was to compare in this way the slow and rapid bleaching of 
the visual purple. But one circumstance that operated against the successful 
performance of this experiment is that an eye of a totally colour-blind person 
that has been really brilliantly illuminated can generally not see anything 
at first (for example, after being illuminated by an ophthalmoscope, pupil 
dilated); and therefore the best that can be done under the circumstances 
is to use a fairly moderate degree of light adaptation. 


The more a certain kind of light is absorbed by the visual purple, 
the greater is its bleaching effect. Kine found that yellow-green 
light bleaches visual purple most rapidly, while yellow and red act 
very slowly. Recently W. TRENDELENBURG has made careful experi- 
ments with spectral light. He exposed one of two samples of visual 
purple to the constant illumination of light corresponding to the 
sodium line (A=589uu) and the other sample to some other definite 
kind of light of the same dispersion spectrum, and then, after a certain 
interval of time, measured the decrease of the absorption by means of 
the spectrophotometer. The following table gives TRENDELENBURG’S 
“bleaching values” for rabbit visual purple.1 The value for sodium 
light is put equal to unity. 

1H. Laurens finds maximum of absorption for wave-lengths of equal energy for 


visual purple of frog at 510uu. The method used is described in a paper by H. LAURENS 
and H. D. Hooker, Jr., in Amer. Journ. Physiol., 44, 1917, 504-516. (H. L.) 
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Wave-length 589 542 5380 519 509 491 474 459 
Bleaching value 1 3.40 3.62 3.45 3.09 1.690.975 0.299 


Both in the live eye and also, under some circumstances, in the 
enucleated eye, there is a regeneration of visual purple after bleaching; 
and to a certain extent even in isolated retinas and solutions. When 
both eyes of a live frog have been exposed to sunlight for half an hour, 
and the animal has then been killed and the eyeballs taken out, the 
retina of the eye that is opened immediately will be found to be 
without colour; but if the other eye has been kept an hour in the dark 
in a damp receptacle, the retina will be a purple-red. In the case of 
the frog, Ktune detected the first trace of red after complete bleaching 
twenty minutes after shutting off the light; whereas in the case of the 
rabbit there were signs of this colour in about five minutes. The re- 
generation is by far the best and most complete when the retina is in 
contact with the pigment epithelium. A retina taken from an eye that 
is without pigment never regains the perfect red colour. 

According to KiHNE and Garten, the most favourable condition 
for the regeneration of the purple in the isolated retina was when the 
bleaching had been permitted to proceed as far as the yellow, the retina 
then being placed in the dark. Apparently, therefore, the visual purple 
is most easily produced anew from the products of its own decomposi- 
tion before they have lost all colour. When the retina has been 
bleached completely, regeneration does not pass through all the inter- 
mediate stages of yellow, orange and red, but the retina becomes 
bright lilac, and then pink. In this case, therefore, the process of 
formation of the purple must be different from that when the purple is 
recovered from the yellowish product. 

Both bleaching and regeneration depend on the temperature.' 
Regeneration, in particular, is much retarded by cold; for example, the 
retina of a frog at 0° C takes nine hours to regain its purple colour. 
In warm-blooded animals the regenerative ability is lost a few minutes 
after death or after circulation ceases. Evidently, the damage is 
greatest in this case to the pigment epithelium which is so important 
for regeneration. Whatever our knowledge may be as to the physiology 
of visual purple in solution and in the isolated retina, it is doubtful 
how far it can be applied in the case of the eye of a warm-blooded 
animal with circulation intact. 

The fluorescence of the retina? when radiated by ultra-violet 
light is another remarkable property. It is much more pronounced in 


19See Hecurt, loc. cit. (H. L.) 
2 Hermuoutz, Poaa. Ann. XCIV (1855); SerscuEnow, v. Grarres Arch. f. Ophthalm. 
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the bleached retina. This is true, as Himstept and Nacet found,’ 
also with respect to the retina of the pigeon’s eye, which certainly 
contains very little purple. Solutions of purple in bile acid likewise 
fluoresce. However, bile acid salt solutions are themselves fluor- 
sescent, indeed nearly as-much so as when they contain unbleached 
visual purple of a frog’s eye. But if a few drops of a solution of sodium 
glycocolate and of a similar solution containing visual purple are sus- 
pended in little platinum dishes and exposed to daylight, what happens 
is that the solution with the purple in it is subsequently distinctly 
more fluorescent in the dark than the other solution. Therefore the 
bleached products of the visual purple are certainly fluorescent, even 
if there were some doubt as to the visual purple itself. 


3. Electromotive Phenomena in the Eye 


With all vertebrates that have been investigated by electrical 
methods, there is found to be a difference of potential between the 
anterior and posterior poles of the eye, both in the living eye as a 
whole and in the isolated retina as long as it continues to survive; as 
was observed by E. pu Bors-Rreymonp. If two places in a prepared 
specimen are placed in contact with suitable electrodes and connected 
with a sensitive galvanometer, a continuous current will flow through 
the circuit as long as the preparation stays alive. Most of these 
experiments have been made on eyes of frogs. This so-called ‘‘Ruhe- 
strom” (“current of rest’) can still be detected for hours after the eye 
has been taken out of the body of the dead frog. The severed end of 
the optic nerve is negative with respect to the anterior part of the eye. 
On the other hand, the optic nerve is positive with respect to the 
posterior lateral parts of the bulbus.? 

According to the experiments of Ktune* and of STerner,’ when 
one electrode is placed on the inner surface of an isolated retina and 
the other on the outer surface, the rod-layer is found to be electro- 
negative with respect to the layer of nerve fibres. 

While a current can be obtained for hours from an enucleated 
frog’s eye, the electromotive force in a fish’s eye, and also in the eye of 
a warm-blooded animal, dies out usually in a few minutes when the 
blood ceases to circulate.° 


1 Festschr. d. Albert-Ludwigs Universitat Freiburg f. Grossherzog Friedrich. 1902. 

2 See J. H. Parsons, An iniroduction to the study of colour vision. 1915. Deslos 
(eees CAS?) 

3 Untersuchungen riber tierische Elektrizitdt. II. Abteil. 1. Berlin 1849. 

4 Untersuch. d. physiol. Inst. Heidelberg. III and IV. 

5 {Some recent literature pertaining to this subject may be noted here as follows: 

E. C. Day, Photoelectric currents in the eye of the fish. Amer. Jour. Physiol., 38, 1915, 
369-397. — C. SHEARD and C. McPrrk, On the electrical response of the eye to stimulation 
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The electromotive force varies considerably in different individuals 
of the same species. For example, Himstepr and Nacet! found 
variations between 0.0056 and 0.017 volt in frogs’ eyes. The values 
obtained by other investigators are on the average between 7 and 9 
millivolts. 

But even with the same specimen the current does not stay con- 
stant, nor does it diminish uniformly as arule. For no apparent reason 
it increases and decreases again. The fluctuation is slow with frogs, 
taking several minutes; but in birds, especially in pigeons, it is often 
quick and apparently without any rule, the galvanometer-needle 
hardly ever being still for a second. When the experiment is long 
continued, the direction of the current may be reversed, even in the 
case of the frog. 

The above has reference to the so-called “dark current,” the eye 
being supposed to be kept in the dark. If light falls suddenly on 
an eye of this sort, the current intensity fluctuates, differently, how- 
ever, under different conditions. This was discovered first by Hoim- 
GREN,” and afterwards independently by Drewar and McKernnpricx.* 
The following phenomena are most easily demonstrated on the 
enucleated frog’s eye, one electrode being placed on the edge of the 
cornea and the other on the section of the optic nerve. After an in- 
terval of from one to two tenths of a second, the current increases 
rather quickly until it is between 3 and 10 percent of the strength of 
the dark current. If the stimulation by light continues longer, in the 
case of an eye that has been previously made right sensitive by dark 
adaptation, the current slowly increases still more. With illumination 
by a bright incandescent lamp, the increase of current can be observed 
for a minute, and then it begins to fall off, even af the illumination is 
continued. When the illumination is feeble, the current goes on 
increasing for a longer time. In enucleated eyes taken from light- 
adapted frogs, the current quickly reaches its maximum strength and 
then falls off almost just as rapidly again, although as a rule it never 
quite sinks as low as the dark current. 

If the stimulating light is suddenly shut off, a “dark response’ 
occurs after a latent period, as in the light reaction. It is manifested 
by another quick increase in the flow of current, succeeded by a fairly 
slow falling off to the strength of the dark current. 
by light of various wave-lengths. Amer. Jour. Physiol., 48, 1919, 45-66. — C. SHEARD, 
Photoelectric currents in the eye. Physiol. Review, 1 (1), 1921, 84-111. —Suearp used 


freshly excised eyes from young dogs, never starting an experiment later than two hours: 


after enucleation. (H. L.) 
1 Ber. naturf. Gesellsch. Freiburg i. Br. 1901; Ann. d. Physik. (4) IV, 1901. 
2 Upsala Lakares Férhandlingar. 1866 and 1871. 
3 Phil. Trans. Roy. Soc. Edinburgh VII. 1871-72. 
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The reaction takes place differently in other animals. In reptiles 
and in diurnal birds (birds of prey, hens), on illumination, there is 
sometimes a latent period lasting from 1/40 to 1/15 second, succeeded 
by a strong negative variation of the current; or else what happens is, 
at first a short positive ‘‘discharge,”’ succeeded then by the negative 
variation lasting while the illumination continues. If the eye is not 
illuminated, the current may drop at once to the strength of the 
“current of rest,”’ or, before doing this, it will show another negative 
variation. H. Pirer’s work! has helped a great deal to clarify this 
subject. With respect to nocturnal birds of prey, he confirmed the 
observation of Himstept and NaGEL, namely, that the only result of 
illumination in this case is a strong positive variation followed by an 
equally strong negative variation when the light is shut off. In 
mammals also the reaction consists chiefly of a positive variation. 

Every injury of the eyeball changes its electromotive behaviour 
and tends to promote negative variations. For example, the retina 
taken from the eye of a frog responds to the light stimulus at first . 
with negative variation succeeded afterwards by a positive one. The 
positive dark variation occurs also in injured preparations of this kind. 
In perfectly fresh eyes of various animals GARTEN found that a very 
brief negative variation preceded the positive variation of the current 
as a regular result of stimulation. 

The sensitivity of thesé photo-electric reactions is sometimes very 
considerable, particularly in such animals as have numerous rods in 
their retinas and much visual purple. For example, in the eye of a 
frog the threshold value of the energy that is just sufficient to produce 
variation of current is perhaps very nearly the same as that which will 
just elicit the sensation of light in the dark-adapted human eye. Under 
stimulation by X-rays the eyes of frogs and of several species of owls 
also give a distinct photo-electric reaction, but a hen’s eye does not. 
The light of a cigar, moonlight, phosphorescent paint, each produce 
distinct photo-electric variations. Ultra-violet light has the same effect, 
evidently due to production of fluorescence in the ocular media. 

By a careful study of the quantitative relation between the retinal 
current and the intensity of the stimulating light, p— Haas? showed 
that the reaction does not obey the WEBER-FECHNER law except for a 
certain range of rather strong stimuli. For weaker stimuli the relation 
between current and stimulus is more complicated. The surprisingly 
long duration of the current variation that is observed after a brief 
“instantaneous” stimulus of sufficient intensity is curious. The 


1 Arch. f. (Anat. u.) Physiol. 1905. Supplement. 
» Lichtprikkels en retinastroomen in hun quantitatief verband. Inaug.-Diss. Leiden 1903. 


N. 50, 51.] §18. A. Changes in the Retina due to Light 59 


reaction may last a hundred times as long as the duration of the 
stimulus.! 

The effects of light of different wave-lengths have been quan- 
titatively compared and the distribution of the stimulus-yalue ascer- 
tained for the animal eye in the different parts of the spectrum. This 
is done by exposing the eye for a certain length of time to the various 
colours of the spectrum in succession and measuring the corresponding 
deflections of the galvanometer. Provided the periods of the single 
exposures are not too brief, and a sufficient interval occurs between 
successive exposures, the magnitude of the total deflection for each ex- 
posure is a measure of the specific stimulating effect of the kind of 
light in question. This was the method of finding the relative stimulus- 
value that was used by Himstept 
and NaGEL’ on the frog; and by 
Prrer® on a number of warm- 
blooded animals. The results 
showed that the photo-electric 
- reaction is distinctly different in 
different animals. Indeed, dif- 
ferent stimulus-values are found 
in the same animal in the states 
of light adaptation and dark 
adaptation. In the case of the 
dark-adapted eye of a frog, the 
maximum stimulus-value occurs 
in the yellow-green for \ =544uy; 
' whereas in the same eye, light- 
adapted, the maximum is in the 
bright yellow at 590uy. Of the 
various birds examined, the noc- 
turnal birds (different kinds of 
owls) have a maximum between 
535 and 540uy; diurnal birds 
(mousehawk, hen, pigeon) 
around 600up. The maximum 
for dogs, cats, and rabbits is 
somewhere near 535up. This same value was found in the case 
of the dog, even when the eye had been exposed previously to bright 
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Connection between photo-electric response 
and stimulus (according to pp Haas). 


19See paper by E. L. Cuarrer, W. T. Bovie and Aticr Hampson, The electrical 
response of the retina under stimulation by light. Jour. of Opt. Soc. of Amer., etc., 7, 1923, 
1-44, — Preliminary report of some of these results in same journal, 6, 1922, 407 (Paper 
read at Rochester meeting of Optical Society of America, Oct. 1921)—. (J. TAG betsy) 

2 Ber. d. Naturf. Ges. Freiburg i. Br. XI. (1901). 

3 Arch. f. (Anat. u.) Physiol. 1905. Supplement. 
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illumination and was therefore in the state of light adaptation. On 
the other hand, according to Piper, the distribution of stimulus- 
values in the light-adapted eye of a rabbit is similar to that found by 
Himsrept and Nacez for the light-adapted eye of a frog, namely, with 
a maximum in the yellow (574yy). 

The relations of these particular facts to the subjective phenomena 
of colour vision will be discussed more fully hereafter. 

The explanation of the photo-electric response is beset with great 
difficulties. The time relations of the objectively demonstrable 
electrical phenomena in the retina are so different from the subjective 
visual sensations that it is difficult to make a comparison between them. 

As a matter of fact, however, the duration of the rise (“‘Anklingen’’) 
of the visual sensation, as determined by Exner,’ and the latent period 
of the electromotive reaction in the warm-blooded eye, as found by 
Prrer, GARTEN and others, do not differ very widely; in both cases it 
is only a few hundredths of a second. But the other parts of the 
electrical variations have certain characteristics that are at present 
difficult to reconcile with the subjective behaviour of the visual 
sensation, particularly when the stimulus is very brief. It should be 
noted that it is easier to compare the time process of the photo-electric 
reaction with the visual sensation, the more nearly the retina on which 
the measurements are made can be kept under normal conditions. 
Owls’ eyes are particularly suitable for carrying out experiments of 
this kind without disturbing the function of the eye in any marked 
degree, and the electrical phenomena are simplest in such eyes; namely, 
positive variation of current under illumination, and negative dis- 
charge soon after shutting off the light. It is natural to think of the 
negative after-image in this connection. However, such comparisons 
in the present state of our knowledge are rather fruitless, and we must 
wait until it has been extended by further experiments on the eyes of 
warm-blooded animals.—N. 


1 {In addition to SHearp’s work, previously mentioned, the following are some recent 
contributions on this subject: 

A. Brossa and A. Kontrauscu, Die Aktionstréme der Netzhaut bei Reizung mit 
homogenen Licht. Arch. f. Physiol., 19138, 449-492. — F. W. Frouuicu, Beitrage zur all- 
gemeinen Physiologie der Sinnesorgane. Zt. f. Sinnesphysiol., 48, 1913, 28-164. — 
S. Garten, Die Produktion von Electrizitat. Wu1vrersrems Handb. Bd. 3, 2 Hfte; also in 
Grarre-Sarmiscus Handb. d. ges. Augenheilk.,1.Teil, II Bd., XII. Kap., Anhang, p. 213.— 
A. Koutrauscu and A. Brossa, Die photoelektrischen Reaktion der Tag- und Nachtvogel- 
netzhaut auf Licht verschiedener Wellenlange. Arch. f. Physiol., 1914, 421-431. — A. Kout- 
rauscH, Die Netzhautstrome der Wirbeltiere in Abhangigkeit von der Wellenlinge des 
Lichtes und dem Adaptationszustand des Auges. Ibid., 1918, 195-214. (H. L.) 

2 Wiener Sitz.-Ber. 58, 601. 
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§19. The Simple Colours 


The subject which has now to be considered is the sensations that 
are excited in the visual mechanism by various kinds of luminous 
radiation. As has been already stated (§8), there are also other phys- 
ical distinctions between waves of light of one frequency and those of 
another frequency, for example, differences of wave-length and re- 
frangibility and differences in the way they are absorbed by coloured 
media. But the physiological distinction between luminous radiations 
of different frequencies is manifested generally by the production of 
sensations of different colours in the eye.' 


1q“Die einfachen Farben,” which is the title of this section in the original, are the 
colours of the spectrum corresponding to luminous radiations of a definite period of vibra- 
tion, “single-frequency light’’ or homogeneous light. They are sometimes called ‘pure’ 
colours. No refraction can modify the colour that is associated with homogeneous light. 

The physical stimulus of light is one thing; the physiological response or sensation of 
light is a totally different thing. This is so obvious that it scarcely needs to be stated, and 
yet many persons fail to make the distinction sometimes and are therefore liable to much 
confusion. The sensation of light can be aroused by other stimuli besides that of objective 
light, as has been shown in the previous chapters. On the other hand, only those radiations 
whose frequencies are comprised within a certain rather narrow range can arouse the sensa- 
tion of light in the visual organ. When so-called luminous radiations are received on the 
foveal region of the retina of the human eye, the response, in general, is a very complicated 
one. It may involve elements of both time and space and give rise to a visual “pattern,” 
and at the same time it may consist of “‘blends”’ of simpler sensations. Nearly all sensations 
of colour are mixed sensations which may be produced in a variety of ways. Exactly the 
same stimulus may produce a totally different sensation in different parts of the visual organ. 
If it acts on the extreme peripheral parts of the retina, it will produce only a grey sensation 
ranging anywhere from white to black depending on circumstances. So far as colour is 
concerned, vision in this region is similar to the vision of the totally colour-blind eye. 

The physicist especially is liable to confusion, because he knows that by mixing col- 
oured lights properly he can get white light; and so he concludes that white light is a mixture 
either of yellow light and blue light or (what is the same thing) of red and green and blue 
lights; and, hence is a compound light. But that is no reason to infer that the sensation of 
white is a complex sensation composed of the sensation of yellow and the sensation of blue. 
On the contrary, there is every reason to think that the sensation of white or grey is the 
most fundamental and elementary of all the visual sensations. It is the only sensation of the 
totally colour-blind eye or of the normal eye in the darkness of night when colour vision is 
entirely in abeyance. 

On the other hand, a given visual sensation may be correlated with a vast number of 
different combinations of specific light-frequencies; a yellow, which is a perfectly unitary 
sensation, may be due to a homogeneous (unitary) light or it may be due to any one of count- 
less different mixtures of any red light with any green light. In other words, there is absolutely 
no one-to-one correspondence between the composition of wave-lengths in a given luminous 
radiation and the light sensation which will be attached to it (provided every link in the 
nerve chain from retina to cortex is intact). 

In the case of the black sensation the question is more difficult still. The physicist 
is right in thinking of a black object as sending no stimulus to the retina, but he is wrong 
when he supposes there is no black sensation correlated with this absence of stimulation. 
It is absurd to say that black is the absence of visual sensation. Black is a positive sensation 
just like any other visual sensation and just as real and distinct as the sensation of white 


or of yellow and blue or of red and green. 
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All known sources of light emit simultaneously radiations of 
different frequencies. The best way of separating a homogeneous or 
pure kind of light from such a 
mixture is to analyze the light by 
causing it to go through a trans- 
parent prism. Thus, for instance, 
if homogeneous blue light, pro- 
ceeding from a distant source a 
(Fig. 8) through a prism P, comes 
to the observer’s eye at O, the rays 
will be refracted by the prism into 
a new direction, and the source 
will appear to be shifted to some point 6, in a direction indicated 
roughly by the direction in which the refracting angle of the prism 
is pointed. In this instance the colour of the light will naturally be the 
same as that of the simple light that is radiated by the source, that is, 
blue. But if the source emits both red and blue light at the same time, 
the observer will see simultaneously also a red image at r-and a blue 
image at b. And, finally, if the source sends out white light containing 
radiations of all kinds of refrangibility including red light and blue 
light, each separate colour will have its own special image, all these 
images being ranged side by side in regular sequence from red to blue 
according to the degree of refrangibility. Now if the coloured images 
that are thus inserted between r and b are very manifold, and if each of 
them has a certain width, approximately the same as that of the 
luminous object itself, obviously one image will partly overlap the 
next. One way of reducing this overlapping and intermingling will 
be to make the luminous object narrower, and so to diminish the width 
of each separate image without altering the total width of the spectrum 
rb. While it is not possible to prevent entirely some overlapping be- 
tween one image and the next when the source of light sends out 
radiations of all degrees of refrangibility, the luminous object and its 
images can be made so narrow that the differences of refrangibility 
between overlapping colours will be vanishingly small. 

According to the above explanation, when the source is a very 
narrow slit illuminated by composite light, each individual point of the 
slit contributes a line to the spectrum lengthwise. And so the prismatic 
spectrum appears in the form of a coloured rectangle, the end nearest 


Fig. 8. 


To sum up, the physicist is in the habit of calling the colours of the spectrum ‘‘simple”’ 
or “primary” colours when all he means is that their physical stimulus is simple. The simple 
(unitary) sensations, in the order of their development, are white and black, yellow and 


blue, and red and green; and they do not need for their production “simple” physical lights. 
(J. P. C.8.) 
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the source being red and the opposite end violet. In between there 
is a sequence of other colours, each blending imperceptibly into the 
next, occurring in the following order, namely, red, orange, yellow, 
green, blue and violet. The coloured image of a luminous line ob- 
tained in this way by a prism is called a prismatic spectrum. In the 
illustration here used the spectrum is a subjective one, because the 
coloured images of the source of light are all virtual images. But a 
real image can be projected by adjusting a convex lens on the far side 
of the prism where the observer’s eye was at first; so as to converge 
the rays after they leave the prism into a real image of rb, thereby 
producing an objective spectrum in or beyond the second focal plane of 
the lens. In the original illustration the spectrum projected on the 
retina of the eye is in a certain sense an objective spectrum. When 
the emitted light contains luminous radiations of all possible sorts, the 
spectrum is perfectly continuous. But if the source sends out light 
of certain definite degrees of refrangibility, the spectrum likewise will 
be composed of just so many coloured images, one for each particular 
kind of light; and provided the dimensions of the luminous object and 
its coloured images are sufficiently small, there will be dark gaps in the 
spectrum between some of the coloured images. For example, in the 
foregoing illustration (Fig. 8), when it was supposed that the luminous 
point a sent out simply red and blue light, the red image was formed 
at r, and the blue image at b, with an intervening dark space br. Of 
course, the same sort of thing occurs, no matter whether there are 
two or ten or a hundred or a thousand different kinds of homogeneous 
light in the light that comes from a. 

Now the composition of sunlight is of this nature. When the solar 
spectrum is as perfect as we can get it, it is seen to be subdivided by a 
great number of dark lines, the so-called FRAUNHOFER lines. Their 
presence here implies the absence of light of certain refrangibilities in 
sunlight. The purer the solar spectrum is, the more dark lines are 
visible in it. FRAUNHOFER and SToxss attached certain letters of 
the alphabet to the most conspicuous of these lines, because these lines 
proved to be exceedingly sure and convenient guide-posts for finding 
the place in the spectrum that corresponded to some perfectly definite 
kind of radiation. This notation will be used in this treatise whenever 
the species of colour is to be given exactly. The dark lines of the solar 
spectrum are exhibited in the figure on Plate I. The relative lengths of 
corresponding portions of the prismatic spectrum are different for 
prisms of different substances. They are different also from the corre- 
sponding intervals in the diffraction spectrum, in which the distribu- 
tion of colours is simply a function of the wave-length. Consequently, 
any representation of the prismatic spectrum is to a certain extent 
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arbitrary. In the illustration in Plate I the intervals are arranged on 
the principle of the musical scale, because this seemed to be the best 
method for physiological reasons. Thus, colours whose wave-lengths 
are in the same ratio as the interval of a semi-tone between two musical 
notes are always at equal distances apart in the drawing; or to put it 
mathematically, equal distances in the drawing correspond to equal 
differences between the logarithms of the wave-lengths. The numerals 
on the left-hand side indicate the semi-tone intervals, and the letters 
on the other side are the designations of the more prominent dark 
lines, according to FRAUNHOFER and STOKES. 


As some uncertainty prevails about the denomination of the dif- 
ferent colours,! the names used in this book will be employed as follows. 

Red is the colour at the less refrangible end of the spectrum, which 
shows no marked difference of hue from the extreme end of the spec- 
trum to about the line C. In pigments it is represented by something 
like vermilion (cinnabar). Purple-red is different from red, and in its 
lighter tints is pink-red. As compared with pure red, it is bluish. 
This hue which in its most saturated stage is what we shall call purple, 
and in its more reddish forms carmine red, is not in the spectrum at all, 
and can only be produced by mixing the extreme colours in the spec- 
trum, red and violet. 

From the line C to the line D the red passes through orange, that 
is, yellow-red with red predominating, into golden yellow or red-yellow 
with yellow predominating. Among metallic dyes, minium and litharge 
(oxide of lead) are approximately the same as orange and golden 
yellow, respectively. 

There is a rapid transition of colour from the line D to the line b. 
First, there is a narrow strip of pure yellow which lies about three 
times as far from FE as from D. Then comes green-yellow and, finally, 
pure green between FE and b. There are two very good representatives 
of pure yellow and green among pigments used by artists, namely, 
finely precipitated bright lead chromate known as chrome yellow 
and arsenite of copper or SCHEELE’s green. 

1 ¥“‘The whole gamut of light-waves is responded to by us subjectively,” says CHRISTINE 
Lapp-F Rankin (Art. on “Vision” in Batpwin’s Dictionary of Philosophy and Psychology), 
“with only four different sensation qualities—red, yellow, green and blue. These are the 
sensations which are produced in their purity by about the wave-lengths 576, 505, 470, 
and a colour a little less yellow than the red end of the spectrum. For all intermediate 
wave-lengths we have nothing in sensation except combinations of these hues, or colour- 
blends, as reddish-yellow, blue-green, greenish-yellow, etc., but with this very singular 
peculiarity, that non-adjacent colour-pairs do not give colour-blends (red and green repro- 
duce yellow, and blue and yellow give white, or grey); were it not for this latter circumstance, 


the confusion in the response to ether-radiation distinctions would be far greater than it is 
now, (WJ. be ©. 8s) 
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Between the lines Z and F the green becomes blue-green and then 
blue, and from F to G there are different hues of blue. In the prismatic 
spectrum of sunlight, as Newton observed it, the extent of the blue 
portion is comparatively great, and so he gave different names to 
different parts of this region distinguishing them as “blue” and 
“indigo” in English, and as thalassinuwm, cyaneum, caeruleum and 
indicum in Latin, in the order named; violet, violaceum, being last of 
all! The name indigo-blue may be retained for the last two-thirds of 
the interval extending from F to G; but what is commonly known 
simply as blue is the less refrangible blue in the first part of this in- 
terval. It is sometimes described also as sky-blue, but that is incorrect. 
The reason why this blue in a spectrum of the proper brightness 
resembles sky-blue is simply because of the superior luminosity of the 
sky. The hue of the sky is really an indigo-blue, but this hue as it 
occurs in the spectrum above mentioned is too dark to match sky-blue. 
In ordinary language, however, when a thing is said to be blue, it is 
natural to think of the colour of the blue sky as the principal repre- 
sentative of this hue, and to speak of aless refrangible blue as greenish 
blue. As it would be unscientific to call this latter hue simply blue as 
contrasted with indigo-blue, the author proposes to describe the green- 
ish blue part of the spectrum as cyan-blue, as suggested by NEwTon’s 
term cyaneum. The name water-blue might also very well be employed 
to describe the hue itself, because large masses of very pure water 
(like the lake of Geneva, glacier ice) do in fact show this colour in 
their depths. When, for instance, one gazes for a long time into the 
water of the lake of Geneva on a bright day and then looks up at the 
sky, the latter appears violet by contrast or even pink-red. But as 
the colour of a mass of water as it looks ordinarily is very whitish, 
except possibly in the case of deep crevices of ice, it is preferable to 
reserve the term water-blue for the lighter shades of cyan-blue. The 
pigments known as Prussian blue (iron ferrocyanide) and ultramarine 
correspond to cyan-blue and indigo-blue, respectively. 

Violet (which is the colour of the flower of that name) is the region 
in the spectrum from the line G to the line H or L; sometimes called 
purple also. Violet and purple are the hues in the transition from blue 


19See R. A. Housroun, Newton and the colours of the spectrum. Science Progress, 
1917. Also, volume on Light and Colour, 1923. There is much conjecture about what 
Newton meant exactly by ‘‘indigo” which is commonly supposed to be “more akin to green 
than to violet.’’ The question, as Housroun propounds it (Light and Colour, p. 9), is, 
whether there is “a colour between blue and violet with as much right to a special name 
in the spectrum as orange has.” He tested it with four of his students who all concurred 
in discriminating a hue, which they preferred to call “dark blue” and which was more blue 
than violet. The boundary between it and blue was estimated as falling about at wave- 


length 465uu. (J. P. C. 8.) 
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tored. As above stated, the name purple will be used here simply for 
the more reddish hues of this gradation that are not present at all in 
the spectrum. 


The last region of all, corresponding to the most refrangible side 
of the spectrum, is ultra-violet.1 This portion, extending from L 
to the end of the solar spectrum at R, is invisible unless the brighter 
parts of the spectrum mentioned above are carefully screened off. 
The existence of a special kind of radiation here was revealed first by 
its chemical actions, and consequently these rays were called invisible 
chemical rays. But, as a matter of fact, they are not invisible, al- 
though they certainly do affect the eye comparatively much less than 
the rays of the luminous middle part of the spectrum between the 
lines B and H. When these latter rays are completely excluded by 
suitable apparatus, the ultra-violet rays are visible without difficulty, 
clear to the end of the solar spectrum. At low intensity their colour is 
indigo-blue, and with higher intensity bluish grey. The easiest way to 
demonstrate the existence of these rays is by the phenomenon of 
fluorescence. For example, when a clear solution of sulphate of quinine 
is illuminated by ultra-violet light, a pale bluish light emanates in 
every direction from all the places in it where the ultra-violet rays fall, 
appearing somewhat like a luminous cloud pervading the liquid. 
Analyzed by a prism, this pale bluish light turns out not to be ultra- 
violet light at all, but compound whitish light of medium refrangibility. 
The simplest description of the phenomenon, therefore, is that as long 
as the ultra-violet rays fall on the quinine solution, it is self-luminous 
and emits compound whitish light of medium refrangibility. But the 
eye, being ever so much more sensitive to this kind of radiation than 
it is to ultra-violet, is entirely unconscious of the ultra-violet light 
until it falls on some fluorescent substance, and then the light that was 
previously invisible becomes visible in this material. Besides quinine, 
other substances that are highly fluorescent are uranium glass (canary 
glass), aesculin, platinum cyanide of potassium, etc.” 

The fluorescent substance itself does not appear to be changed in 
the least, and it can be made to fluoresce over and over again. And 

1 {Silver chloride was long known to be sensitive to luminous radiations. J. W. Rrrrer 
(1801) found that the greatest effect on this substance was produced beyond the violet end 
of the visible spectrum. (J. P. C. 8.) 

2 {Fluorescence is a term derived from fluor spar, which was the first substance that 
was observed to exhibit this peculiar emission of light. The phenomenon was first investi- 
gated by Sir J. Herscuen and Sir D. Brewster; and subsequently by Sir G. G. Sroxzs. 
In every instance the fluorescent light is found to be light of longer wave-length than that 
of the incident light that excites the effect; all fluorescent phenomena being cases of the 


so-called degradation of energy. See R. W. Woop, Physical Optics, second edition, 1914, 
Chapter XX. (J. P. C. S.) 
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as no heat seems to disappear in the process, the inference from the law 
of the conservation of energy is that, notwithstanding that the fluores- 
cent light affects the eye more, the actual energy of this radiation is no 
greater than that of the incident ultra-violet rays. No exact measure- 
ments are as yet available as to the ratio between the brightness of the 
original ultra-violet radiation and that of the same radiation after it 
has been changed by fluorescence. However, from certain fatts to be 
mentioned later [p. 113] in describing the methods, it may be estimated 
that the fluorescent light is about 1200 times brighter than the ultra- 
violet radiation that induces it. Even without making any measure- 
ment, it is easy to show that the luminosity of the two kinds of light for 
the eye is extraordinarily different. This can be done by focusing ultra- 
violet light that has been completely purified of all more refrangible 
rays, and letting it fall first on a non-fluorescent screen like white 
porcelain, and then on quinine. The solar spectrum, at any rate as pro- 
duced by sunlight that has traversed the atmosphere, does not actually 
extend beyond the place where the eye, suitably screened from the 
brighter light, can perceive ultra-violet radiation; because even when 
an objective spectrum is projected by quartz prisms and lenses on a 
quinine solution or some other fluorescent substance, there is no fluor- 
escence beyond the limit above mentioned. On the other hand, how- 
ever, SroxEs found that the spectrum of the electric arclight, projected 
on a fluorescent screen by a quartz optical system, extends much farther 
than the solar spectrum. Thus, in fact, his method is adapted for 
detecting also still more refrangible light than is contained in sun- 
light; and hence, it is to be inferred that the spectrum of sunlight that 
has been filtered out by the atmosphere really ends at the limit in- 
dicated by the eye and fluorescent substances.! No experiments have 
as yet been made on the visibility of the most refrangible rays of the 
electric arclight. The spark in vacuo that is obtained by an induction 
coil contains, indeed, a relatively large proportion of ultra-violet as 
compared with the small amount of less refrangible radiation, but the 
absolute intensity of the light is too slight to be resolved minutely 
by a prism.’ 

1 {Owing to absorption by ozone in the higher levels of the atmosphere, the ultra- 
violet region of the solar spectrum ends at about 290uu. (J. P. C. S.) 

2 The arclight may be made richer still in ultra-violet by soaking the carbons in solu- 
tions of zinc or cadmium salts. Far better still for obtaining this sort of radiation is the spark 
of a large induction coil which is discharged between cadmium or magnesium electrodes, 
especially when means are taken to cut out the ordinary luminous rays. Rays of wave- 
length 257 cause a still perceptible fluorescence in the eye, and hence produce a sensation 
of light.—N. 

{The beautiful series of researches, beginning with Cornu’s work forty years ago, 


followed by Scuumann’s investigations (1890), and continued by Lyman and by MILLikan 
in very recent years, has resulted in the exploration of the ultra-violet region as far as to 
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At the other end of the spectrum also, when the brighter light that 
is ordinarily visible is screened off, it is possible to distinguish parts of 
the spectrum that usually remain invisible. An adequate screen for 
this purpose is obtained by interposing a piece of red glass in the path 
of the rays. Red glass coloured by protoxide of copper transmits much 
orange light, and hence, if necessary, a piece of blue cobalt glass, 
which absorbs orange but transmits extreme red light, may be used in 
combination with the red glass. But as compared with the great 
extent of the ultra-violet spectrum, there is not much that is gained 
at the red end by this mode of observation. The strip of red light be- 
yond the line A is about as wide as the interval between A and B. 
The hue of the red does not change up to the extreme end and is not 
at all purple. 

But, as a matter of fact, the solar spectrum extends on the red 
side farther than the eye can detect. Hitherto the existence of these 
infra-red rays has not been made manifest except by their thermal 
effects, and that is why they are called dark heat rays.! Glass, water 
and numerous other substances that are transparent to ordinary light 
are opaque to infra-red, and so rock-salt prisms and lenses must be 
used to explore this region of the spectrum. The width of the dark 
heat spectrum as produced by a prism is certainly limited by reason 
of the fact that, according to the theory of elastic aether vibrations, 
the refraction approaches a minimum as the wave-length increases. 
This minimum cannot be surpassed, and the dispersion of colours 
terminates at it. In Fig. 9 the wave-lengths are plotted as abscissae 
from an origin that is just as far to the left of the point H as the point b 
is to the right of this point. The capital letters from B to H correspond 
to the FRAUNHOFER lines and to their positions in an interference 
spectrum. The ordinates are the values of the indices of refraction for 
a flint glass prism used by FRAUNHOFER. 


Line B CG D E F G H 
Index of refraction 1.6277 1.6297 1.6350 1.6420 1.6483 1.6603 1.6711 


The letters B,, C,, etc., on the vertical axis, indicate the positions 
of the same dark lines in the solar spectrum of this flint glass prism. 


wave-lengths of only 20uy, which “is the limit reached today in the study of radiations by 
optical means.’’ See C. Fasry, Studies in the field of light radiation. Jour. of the Franklin 
Inst., 192, (1921), 277-290. For the most recent work in this farthest region, see R. A. 
Miuixan, Nat. Acad. Sci. Proc. 7, 289-294. Oct. 1921. and R. A. MruurKan and I. 8. 
Bowen, Extreme ultra-violet spectra. Phys. Rev., 23, 1924. 1-34. (In this paper the ex- 
ploration extends as far as 13.6un). (J. P. C. S.) ; 

1 {The thermal action of these dark heat rays was detected by Sir Wm. Herscue in 
1800; who drew the correct conclusion from his experiment at first, but afterwards changed 
‘his opinion. See Housroun, Light and colour, 1923, page 37. (J. P. C. S.) 
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The base-line Hb corresponds to the index 1.6070 which is the minimum 
value for this particular kind of glass. With increasing wave-length 
the indices of refraction must approach this minimum value asymptoti- 
cally.1 The dotted curve Hd shows, therefore, the refrangibility of the 
light as a function of the wave-length, and if it were extended farther, 
it would approach the base-line Hb asymptotically. Consequently, 
supposing that the refraction spectrum H,B, is extended beyond its 
red end at B, so as to include the dark heat rays, its extreme limit must 
be on the base-line at H;? that is, it is about as far from the red end B : 
visible under ordinary conditions as B, is from the boundary F, 
between green and yy, 

blue; which is a dis- \ 

tance corresponding & 

roughly to half the 
length of the ordinary 
visible spectrum. An- 
other thing that the 
diagram (Fig. 9) shows 
clearly is how light at 
the blue end F,G,H, of 
the refraction spec- 
trum BH, is spread 
out, while that at the 
red end B,C,D, is con- D 

densed together, as et 

compared with the interference spectrum BH. Naturally, this con- 
densation of the less refrangible light in the refraction spectrum should 
be more and more marked, the nearer we come to the limit of the 
infra-red region. Therefore, towards the blue end where the spectrum 
is more elongated, the number of visible dark lines becomes greater ; 
and since the same amount of light or heat is spread out here over a 
larger area, brightness and temperature are less. On the other hand, 


1 The value of this minimum has been taken from BADEN PowELu’s calculation (Poc- 
GenDorFr XXXVII); as his interpolation formula agrees closely enough with Caucny’s 
theoretical formula. 

2 According to a remark of Fr. ErsENtour this limit seems actually to have been reached 
in MeLuonr’s experiments. Kritische Zft.f. Chemie. Erlangen 1858. §.229. (In the 2nd 
edition the following statement is added here: Theoretically, this was what was to be 
expected. However, Lanatry, Phil. Mag., 21, 1886, 349, in his observations on infra-red, 
which go much farther than any previous work of this kind, has not found any such limit.) 

{The longest waves in the solar spectrum that have been ascertained are about 5000uxz. 
But in the spectra of artificial sources of light, it has been possible to explore the infra-red 
region as far as wave-lengths that are almost 400 times as great as those at the red end of 
the luminous or visible spectrum, that is, to about 300000yu (or 0.3mm). This is in the neigh- 
bourhood of the upper limit of emission spectra. (J. P. C. 8.) 
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towards the red end there are fewer dark lines, and brightness and 
temperature are greater, than in the interference spectrum. And 
although the maximum heat effect in the prismatic spectrum is in the 
infra-red, it does not follow that these particular dark heat rays are 
present in sunlight in greater numbers than some of the luminous 
rays. On the contrary, in the interference spectrum the heat maximum 
falls on yellow. 

On account of the characteristics of the refraction spectrum above 
mentioned, it is extremely difficult to determine the longest wave- 
lengths in the infra-red portion of solar radiation. By a method which 
appears to be fundamentally sound, FizEavu has measured the lengths 
of the longer of these waves that are transmitted through flint glass, 
and found the maximum to be 0.001940 mm. This is more than double 
the wave-length of the farthest red light in the ordinarily visible 
region, which according to the author’s determinations is 0.00081 mm. 
Incidentally, these dark heat rays exhibit the phenomena of inter- 
ference just like the luminous rays, and, consequently, like them, they 
are due to aether vibrations. They are subject to exactly the same laws 
of polarisation, which implies that the vibrations are transverse to 
the direction of propagation. The only physical difference, therefore, 
between these rays and luminous rays is that the waves are longer and 
the refrangibility correspondingly less. 

A possible explanation of the invisibility of infra-red radiation is 
either that these rays are absorbed by the ocular media or that the 
retina is not sensitive to them. MELLont has demonstrated that the 
dark heat rays are absorbed to a great extent by water. Briicxe and 
KNOBLAUCH have made experiments on the transparent media of the 
eye of an ox. The cornea, vitreous humor and crystalline lens were 
inserted in a convenient tubular mounting, with the vitreous humor 
in between the cornea and the lens. Sunlight reflected by a heliostat 
into the dark room was transmitted through this perfectly transparent 
system and made to fall on a thermopile. The indicated deflections on 
the amplifying mechanism amounted to between 26° and 30°. Then 
both sides of the eye were covered with lamp-black over a turpentine 
flame, which was accomplished successfully, without producing any 
other change in the cornea and lens, as was ascertained subsequently. 
Under such circumstances, it was found that no heat at all was radiated 
through the eye. But lamp-black is transparent to the dark heat rays 
and opaque to the luminous rays. If, therefore, a part of the radiation 
that was transmitted through the ocular media had consisted of dark 
heat rays, some effect from these would have been manifest through the 
lamp-black. It would hardly be justifiable to say that this experiment 
proved that the limits of the visible red coincided with the limits of 
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diathermancy of the ocular media, but it certainly does establish the 
fact that very little, if any, of the infra-red radiation can get to the 
retina; and this of itself would seem to be a sufficient explanation of 
the invisibility of this region of the spectrum. 

Cima! has made similar experiments, using a LocaTELui lamp as 
source of heat, the radiation being transmitted through the ocular 
media toa thermopile. He found that about 13 percent of the incident 
heat was transmitted through the crystalline lens, about 9 percent, 
through the vitreous humor alone, and also about 9 percent through 
the eye as a whole.” 


The mere fact that it is possible to see the ultra-violet spectrum 
with its dark lines shows that this radiation may traverse the ocular 
media. Donprrs and Rexs have demonstrated objectively that these 
rays go through a glass vessel containing vitreous humor of the eye of 
an ox, and the cornea and crystalline lens also. The ultra-violet light, 
after having traversed the ocular media, was made manifest by letting 
it fall on the surface of a solution of sulphate of quinine where blue 
fluorescence was excited. Similar experiments had been previously made 
by Bricks, by testing the action of light on guaiacum solution and 
on photographic paper after it had been transmitted through the 
media in the eye. 

Guatacum resin, newly evaporated in the dark from the alcoholic 
solution, appears blue under the action of blue, violet or ultra-violet 
radiation, but the blue colour disappears when it is illuminated by less 
refrangible rays. In ordinary daylight the blue effect is predominant. 
But the colour of this substance under illumination of daylight that 
has been filtered through the crystalline lens of an ox is simply yellow- 
green; and a layer of the resin that has already been coloured blue looks 


1 Sul potere degli umori dell’ occhio a trasmettere il calorico raggionante. Torino 1852. 

2 J. JANSEN (C. R., LI, 128-131; 373-374; Ann. der Chir., (3), XL, 71-93) and R. Franz 
(Poaa. Ann., CXV, 26-279) also found that the absorption in the vitreous humor was very 
similar to that in water and rather more in the cornea and crystalline lens. Similar results 
were obtained by Tu. W. ENcrLMANN (Onderzoek. physiol. Lab. Utrecht. 3. Reeks, D. VII Bl. 
291. 1882). 

Concerning absorption of ultra-violet in the eye, it may be added that, acording to 
the researches of Soret and others, there is little absorption of rays between the Fraun- 
HOFER lines H and Q, whereas shorter wave-lengths than these are strongly absorbed. 
See Soret, C. R., 88, p. 1012; 97, pp. 314, 572, 642; Cuarponnet, C. R., 96, p. 509; Mascart, 
C. R., 96, p. 571.—N. 

{In connection with this whole subject the following more recent contributions are 
worth consulting: 

W. Crooxes, Preparation of eye-preserving glass for spectacles. Phil. Trans., 213 
(1914), 1-25; and Vernorrr and Bett, The pathological effects of radiant energy on the 
eye; an experimental investigation. Proc. Amer. Acad. Arts and Sciences, Vol. 51, No. 13, 
July 1916. (J. P. C. 8.) 
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yellow-green in the same light. This means that the crystalline lens 
absorbs the bluish rays of daylight more than the others. If ordinary 
blue and violet light were much absorbed, the lens itself would have to 
look yellowish; but under normal conditions it is fairly without any 
colour, and therefore in the light that makes guaiacum look blue it 
can only be the ultra-violet portion that is absorbed by the lens in any 
comparatively considerable amount. The results of similar experiments 
of Briicxr’s on the cornea and vitreous humor indicate a behaviour 
of the same kind as that of the lens, only to a much less degree. These 
conclusions are supported by the fact that the cornea and crystalline 
lens, as may easily be observed even in the live eye, are themselves 
fluorescent to a certain extent when violet or ultraviolet light falls on 
them. Under such circumstances they shine with a pale blue colour 
like that of the quinine solution. Fluorescent substances, however, 
always noticeably absorb the rays that make them fluoresce. 


Other experiments were made by Brick with C. KarstrEn’s photo- 
graphic paper. Cornea, vitreous humor, and crystalline lens were mounted 
for testing in a similar arrangement to that used in the thermo-electric 
experiments mentioned above. They were traversed by radiations from a 
spectrum of sunlight produced by a prism, and the sensitive paper was adjust- 
ed in the focal plane of the ocular media. After exposure to violet for 90 
seconds, a perfectly black point was produced. In the vicinity of the group 
of lines known as M (according to Drapxr) the effect on the paper ceased 
entirely, so that even after an exposure of ten minutes no action could be 
detected. However, it should be remarked that even when the rays do not 
pass through the ocular media, the photographic action on nearly all sensitive 
preparations falls off rapidly towards the end of the spectrum. Fluorescence, 
which was not discovered until after Brickr made the experiments here 
mentioned, is a much more sensitive means of detecting these effects than 
photographic action, especially in case of the more refrangible rays; and it 
has enabled us to explore the spectrum much farther than before. In fact, 
when the eye is properly screened from the light of the brighter portion of the 
spectrum, direct observation seems to afford more information of the ultra- 
violet region than is obtained by photographic methods.! 


Thus, according to Brtcxe’s researches, ultra-violet rays are ab- 
sorbed to a considerable extent in passing through the ocular media, 
especially the crystalline lens, as shown particularly by the effect on 
guaiacum tincture. On the other hand, DonprERs’s experiments tend 
to show that this absorption is not enough to be noticeable in the 
ordinary comparisons of brightness by the unaided eye. But it has 


1 {One difficulty about photographing the ultra-violet spectrum is that glass begins to 
become very opaque at about wave-length 340uy. It can be replaced by quartz, which does 
very well as far as 185 yu, when it begins to be highly absorbent also. Fluorite enables us 
to push the limit much farther. Another difficulty is the opacity of the gelatine of the 
sensitive film which prevents these very short waves from getting to the sensitive salt at 
all; and, finally, the air itself ceases to be transparent, and it is necessary, therefore, to con- 
duct the experiments in vacuo. (J. P. C. 8.) 
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already been stated that the brightness of ultra-violet light as compared 
with that of practically the same amount of light emitted by fluorescent 
quinine solution is about in the ratio of 1:1200. The inference is that 
absorption in the ocular media cannot be responsible, except to the 
minutest extent, for the low subjective luminosity of ultra-violet; and 
that the real explanation of it is probably due to the lack of sensitivity 
of the retina. 


Another thing to be noted is that the colour sensation produced by 
light of a definite wave-length depends also on its luminosity. Thus, 
any increase of luminosity tends to make it look more white or pale 
yellow. This effect is easiest to see with violet; the less blue and the 
more purple it is, the fainter it gets. On the other hand, with a moder- 
ate degree of brightness, such as is obtained by observing the solar 
spectrum in a telescope, this same colour appears pale grey, with just a 
faint bluish violet tinge. Another good way to see this, as MosrerR 
suggested, is to look at the sun in a half-clouded sky through a piece 
of fairly dark violet glass. The sun’s disc looks just as white through 
the glass as the brightly illuminated clouds near by appear to the 
naked eye. So also for low intensity the blue of the spectrum is more 
like indigo-blue; with higher intensity, sky-blue; and with still greater 
intensity (provided the eye can stand it without annoyance), pale blue 
and finally white. This is the explanation of the wrong use of the name 
sky-blue as applied to the more refrangible and at the same time 
more luminous cyan-blue of the spectrum. Green becomes yellow-green 
and then white; and yellow becomes white directly, but the luminosity is 
dazzling in its brilliancy. The effect is hardest to see in the case of red; 
and for the highest degrees of brightness, the most the author has been 
able to do, either by looking at the spectrum or by looking at the sun 
through a red glass, is to see it change to bright yellow. These tests 
can all be made equally well with carefully purified simple light or with 
mixed light of the given colour as it is obtained with coloured glasses. 

There is no part of the spectrum where variation of luminosity 
produces so much change of hue as it does in the violet and ultra-violet 
regions. The hues of the most refrangible end cannot be very well 
compared with each other unless the luminosities are approximately 
equal. When the brightness is dim, the blue tones in the spectrum are 
nearer indigo, and the violet is more pink, as has been already men- 
tioned. But from about the line L to the end of the spectrum a reversal 
occurs in the order of the colours, that is, the hue is no longer more like 
pink, but from here out is again like indigo. On the other hand, with 
moderate rise of intensity the ultra-violet looks bluish pale grey, paler 
than equally luminous indigo-blue, and hence it is called sometimes 
lavender grey. 
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The reversal in the order of colours exhibited by ultra-violet light 
at low luminosity probably does not depend on the mode of reaction 
of the nervous mechanism, but seems to be connected with the fluores- 
cence of the retina itself; which, when illuminated by ultra-violet, 
emits light of lower refrangibility of a greenish white colour. At least, 
this was the case with the retina of the eye of a cadaver examined by 
the author,! and with the retinas of perfectly fresh eyes from oxen and 
rabbits that had just been killed, which were examined by Sets- 
CHENOW;? the fluorescence being, indeed, very slight, and the colour 
of the light the same as that mentioned above. The degree of fluores- 
cence was less than that of paper, linen or ivory, but still it seemed to be 
always sufficient to change the colour of the incident ultra-violet 
light. The author tried to test it by comparing the radiation from the 
fluorescent places in this retina with ultra-violet light diffusely reflected 
from a white porcelain plate. In both cases the light was emitted in all 
directions in space. The retina and porcelain plate were observed 
through a weak prism that separated the two kinds of radiation, that 
is, the changed ultra-violet light from that which was unchanged. 
Under these circumstances, the light produced by fluorescence in the 
retina appeared about as bright as the unchanged ultra-violet illu- 
mination of the porcelain plate. It can hardly be doubted that the 
retina is sensitive to light produced in its own substance by fluores- 
cence; and on this assumption, the sensation for ultra-violet radiation 
must be composed pretty evenly of the sensation directly produced by 
the ultra-violet light and that excited by the fluorescence. As this 
latter appears paler and more greenish than ultra-violet light, it 
would seem that the direct sensation of ultra-violet light on a non- 
fluorescent retina would have to be more like pure violet. For the 
lavender grey of the ultra-violet rays can be obtained by a proper 
mixture of violet and greenish white. The fact that the colour of the 
fluorescent retina is quite different from lavender grey does not 
warrant us in supposing that the ultra-violet light does not stimulate 
the retina at all and that the sensation is due simply to the fluorescent 
light. 


A prismatic spectrum, short enough to be viewed in its entirety 
all at once, appears to consist of only four coloured sections, namely, 
red, green, blue and violet, the transition-colours disappearing almost 
entirely by contrast with these main colours. At best yellow may still 
be discerned in the green next the red. This separation of colours is 
enhanced by the fact that three of the more prominent dark lines of 
the solar spectrum, namely D, F and G, happen to lie about on the 


1 Poaeenporrrs Ann. XCIV. 205. 
2 GraEres Archiv fiir Ophthalmologie. Bd. V. Abt. 2. S. 205. 
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boundary lines of the four intervals of the spectrum above mentioned. 
But even without being able to distinguish these lines, the same 
separation of colours is manifest. The transition-colours are indeed 
more easily seen in a longer spectrum, but yet the visual impression of 
them is always considerably modified by the proximity of such brilliant 
saturated colours as are seen in the spectrum, which prevents the 
transition-colours from being seen in their own right. To distinguish 
exactly the series of pure colours in the spectrum, they must be iso- 
lated. A way of doing this is to project a fairly pure spectrum on a 
screen with a small slit in it, which permits the light of some single 
region of the spectrum to pass through it and be received on another 
white screen beyond. By gradually moving the slit from one end of the 
spectrum to the other, the whole series of hues can be inspected sepa- 
rately one after the other. Then it will be found that there is nowhere 
any abrupt transition in the series, and that the hues merge continuous- 
ly each into the next. The richness and intense saturation of the 
succession of colours and the delicate transition of hues makes this 
experiment at the same time one of the most splendid spectacles that 
optics has to show. 

Owing to the exceedingly gradual blending of the hues, it is natur- 
ally impossible also to assign any definite width to the separate coloured 
regions of the spectrum. In order to indicate as well as possible the 
positions and distribution of the colours, the hues corresponding to the 
FRAUNHOFER lines are given in the following table, together with their 
wave-lengths in millionths of a millimetre:! 


Wave-length 
Line in pu Colour 
A 760.40 Extreme red 
B 686.853 Red 
C 656.314 Border of red and orange 
D ee Golden yellow 
E 526.990 Green 
F 486.164 Cyan-blue 
G 430.825 Border of indigo and violet 
H 396.879 Limit of violet 
L 381.96 
M 372.62 
N 358.18 
“ ies - Ultra-violet 
Q 328.63 
R 317.98 
U 294.77 


1 ¥The first determinations of the wave-lengths of light of different refrangibilities or 
colours were made by Youna. The values of these magnitudes as found by him for the two 
ends of the visible spectrum were 266 and 167 ten-millionths of an inch or 676 and 424 
millionths of a millimeter. (J. P. C. 8.) 
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The different sensations of colour in the eye depend on the fre- 
quency of the waves of light in the same way as sensations of pitch in 
the ear depend on the frequency of the waves of sound; and so, many 
attempts have been made to divide the intervals of colour in the 
spectrum on the same basis as that of the division of the musical scale, 
that is, into whole tones and semi-tones. NEwTon tried it first. How- 
ever, at that time the undulatory theory was still undeveloped and not 
accepted; and not being aware of the connection between the width of 
the separate colours in the prismatic spectrum and the nature of the 
refracting substance, he divided the visible spectrum of a glass prism, 
that is, approximately the part comprised between the lines B and H, 
directly into seven intervals, of widths proportional to the intervals in 
the musical scale,1 namely, 3, +, 452, $, 26°, +8, 3; and so he distinguished 
seven corresponding principal colours; red, orange, yellow, green, blue, 
indigo and violet. The reason why two kinds of blue are mentioned 
here, while golden yellow, yellow-green, and sea-green, which appear 
to the eye at least just as different from the adjacent principal colours 
as indigo is from cyan-blue and violet, are omitted, is because of the 
peculiar variation of the index of refraction mentioned on page 68, 
which causes the more refrangible colours in a prismatic spectrum to 
be elongated more than the less refrangible ones. The distribution of 
colours in the interference spectrum has nothing to do with the 
character of a refracting medium and depends simply on the wave- 
length; and here the blue-violet region is much narrower, and if the 
intervals were determined in the same way, this span would not be 
resolved into three parts, whereas the red-orange portion would be in 
about three parts. 

In the light of subsequent discoveries and measurements, suppose 
that the spectrum as we now know it is divided on the same principle 
as the musical scale using the vibration-numbers of the aether waves, 
as was done in the case of the solar spectrum exhibited in Plate I; 


1 4A clear description of the actual process that NewTon used in making the division 
of the spectrum on the basis of the musical scale is to be found in R. A. Houstoun’s Light 
and Colour, 1923, pages 12-14. This writer shows that Newton divided the spectrum origin- 
ally into five colours, and then inserted orange and indigo; and, as to the latter, he concludes 
that the introduction of indigo was due to an “attempt to find a connection between the 
spectrum and the musical scale,” and that although “the attempt failed completely,” as 
NerwrTon himself lived to realize, ‘‘indigo remains in the list of colours” ‘‘as a witness to it.” 
The same writer points out the mystical influence exerted by PyrHacoras’s discovery (572- 
492 8. c.) of the laws of harmony as illustrated by the natural modes of division of a vibrat- 
ing string, which led to the idea that all the laws of nature were harmonies of some kind, as, 
for example, the so-valled “music of the spheres” which cast its spell over a mind as acute 
as Kepuer’s. An additional reason for dividing the spectrum into seven primarv colours 


is to be traced also to the peculiar significance of the number seven as the “perfect number.” 
(J. PS C28:) 
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then if the yellow of the spectrum answers to the tenor C in music 
and the FRAUNHOFER line A corresponds to the G below it, we obtain 
for the separate half-tones the following scale of colours analogous 
to the notes of the piano: 


Ff, end of Red. ff, Violet. 

G, Red. g, Ultra-violet. 
Gf, Red. g', Ultra-violet. 
A, Red. a, Ultra-violet. 
Af, Orange-red. af, Ultra-violet. 
B, Orange. b, Ultra-violet. 
c, Yellow. 

cf, Green. 

d, Greenish blue. 

d*, Cyan-blue. 

e,. Indigo blue. 

f, Violet. 


The hues that comprise octaves are placed side by side. In the 
figure on Plate I the places corresponding to the tone-intervals are 
indicated by lines on the left. The end of the infra-red spectrum, 
according to Fizmau and Fovucautt, calculated on the same basis, 
would be about D, two octaves below cyan-blue; and if Caucuy’s 
formula for the connection between wave-length and index of refraction 
can be supposed to be valid so far, the extreme limit of the spectrum 
of the arclight would be at b’, an octave higher than the ultra-violet 
end of the solar spectrum. 

The colour-scale divided in half-tones as above shows that at 
both ends of the spectrum the colours do not change noticeably for 
several half-tone intervals, whereas in the middle of the spectrum the 
numerous transition colours of yellow into green are all comprised in 
the width of a single half-tone. This implies that in the middle of the 
spectrum the eye is much keener to distinguish vibration-frequencies 
than towards the ends of the spectrum; and that the magnitudes of the 
colour intervals are not at all like the gradations of musical pitch in 
being dependent on vibration-frequencies. 


These physiological studies demand a much more exact differentia- 
tion of the homogeneous kinds of light than is usually necessary for 
purely physical investigations; and hence the theory of refraction by 
prisms, will now be specially considered, to see what are the conditions 
of obtaining pure spectra by dispersion. Previously, so far as the 
writer is aware, the theory has been confined to the problem of tracing 
single rays of light through a system of prisms, without investigating 
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the position and nature of the images produced by prisms; and yet in 
looking through a prism or letting the light that issues from the prism 
go through lenses and telescopes, the essential thing is to distinguish 
the prism-images for each kind of homogeneous light. For these 
images are really to be considered as objects to be imaged by the 
ocular media and lenses. To supply this lack, we shall proceed to 
determine the nature and position of the image in a prism, although 
this investigation does not properly belong to physiological optics. 
However, the results will perhaps be important for everybody who 
wishes to produce pure prismatic spectra. 

In general, a narrow homocentric bundle of incident rays will not 
be homocentric after emerging from a prism, but will be astigmatic, 
with two image-points, exactly in the same way as when a homocentric 
bundle of incident rays is refracted at an ellipsoidal surface or is 
incident obliquely on a spherical refracting surface.1. In order to 
simplify the treatment of the subject, the law of refraction will be 
used in a form which was given to it by FERMAT soon after its discovery, 
and which is particularly adapted for investigation of problems in 
optics where the different portions of the path of a ray are not all in 
the same plane. 

Suppose light traverses a series of refracting media, and consider 
the path of a single ray. If the length of the path in each medium is 
multiplied by the index of refraction of that medium, and these 
products are all added, this sum is what the writer calls the optical 
length of the ray.? For example, if ri, 72, 73, etc. denote the lengths of 
the path of the ray in the first, second, third, ete., medium, respectively, 
and if 71, N2, ns, etc., are the corresponding indices of refraction, the 
optical length according to this definition is 


“W = miry + more + ngr3 + 2 & SP Way 


If co denotes the velocity of light in vacuo, and ¢1, C2, cs, ete. denote 
the velocities in the different media in succession, then (see §9): 


Co Co Co Co 
iy SS —— sh LO aah 38 Shag Le i Bae, 
C1 C2 C3 Cm 
and therefore 
11 12 13 Tn, 
WS Be [= See a =f =| 
C1 Co C3 Cm 


1See end of §14. Vol. I. The theorems that follow are applicable to the monochromatic 
aberrations of the eye as treated in §14. 

2 {It is interesting to note that HeLMHOLTz originated the name for this function that 
has since been universally adopted. (J. P. C. 8.) 
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Suppose ¢ denotes the time which the light takes to go over the entire 
path; then 


Yr. 12 13 1m 
$=—+—+—4 +, 
Ci Ce C3 Cm 
and therefore 
v= Cot 6 


Accordingly, the optical length is proportional to the time taken by 
the light to go over the path and is equal’to the distance the light 
would have travelled in vacuo in the same time. 

The notion of optical length may be applied also to the case where 
the ray in the last medium is prolonged backwards beyond the bound- 
ary of this medium to a point where a potential image of the luminous 
point is situated. To find the optical length between the luminous 
point and its potential image, the same process is employed as before; 
only the distance from the place where the ray emerges into the last 
medium to the place where the potential image is must be reckoned as 
negative. The following theorems will then be perfectly general. 

I. The law of refraction of light 1s equivalent to the condition that the 
optical length of the ray from a point on it in the first medium to a corres- 
ponding point in the second medium shall have a limiting value, that is, 
shall be a maximum or minimum. 

The surface of separation of the two media may have any form 
whatever, provided the curvature is continuous. If the incidence- 
normal is chosen as the z-axis of a system of rectangular axes, the 
form of the surface will be given by an equation in which z is a function 
of x and y; and at the point of incidence 


c=y=z=0, —='0, —=0... (1) 


Moreover, let ai, 61, c: denote the codrdinates of a point on the incident 
ray, and @», bo, C2 those of a point on the refracted ray. If these points 
are connected with a point (zx, y, z) of the refracting surface, the 
optical length between them along this route is 


W=m V(ai— x)? + (b1— y)?+ (61-2)? + mov (do— %)?+ (b2— y)? + (co—2)? . 


In order that this magnitude, which is a function of the independent 
variables x and y, shall be a maximum or minimum, the first conditions 
(which here are likewise sufficient) are: 
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or 
dz 
amen Ge ee 
AS ee ee 
V(ai—x)? + (d:—y)? + (C1—2)? 


dz 

%— d2+(z—C2)— 

dx 

+ Ne 


Vaa—%)? + (b2—y)? + (co—2)? (2) 


dz 
y—bi+(z—€1)— 
dy 


VN en ee eS ee ee PE ee 
V(ai—x)? + (bi—y)? + (1—2)? 


dz 
y— bat (2—¢2)— 
dy 


ee 
V(a2— x)? + (b2—9)? + (c2—2)? 


Combining these equations with equations (1), we find for the ray 
that is incident on the surface at the origin of the system of codrdin- 
ates: 


0 a se a2 
Sj, a FF Ee SEE 
Vv U5 ae le ae Gi Vv a2” + de? + C2? 
; (2a) 
by be 
0 = 


1 ee i a ee ree 
Vv Ue Se WO RP Ge Vv a2” + be? + C2? 


If the positions of the points (a1, 61, ci) and (de, bs, cs) are given in 
terms of polar codrdinates, by the ordinary formulae of transformation, 
namely: 


a, = ri sin a; cos v1 d2 = 72 Sin ag COS de 
b) = ri Sin a; sin 3} bo = ro Sin ag Sin de (3) 
oy = 71 COS ay C2 = 12 COS ag 
equatigns (2a) become: 
NM, Sin a, COS #y = — Ne Sin az COS Be (2b) 
2 
mM, SIN ai Sin 31 = — Ne Sin ag sin Be 


Squaring each of these equations, and then adding them, we find: 
my" sin? ay = me” sin? az, 
that is, 


m, Sin a; = + nesin a. 
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The positive sign is the only one that applies here, because the angle a, 
is between 0° and 90°, whereas, according to our convention, the angle 
a2 must be between 90° and 180°. Hence sin a; and sin a, are both 
positive; and, since m, m2 are always positive, we have therefore: 


GMMINCE 3 trwaky a 5) oo loko 5 (4) 


Combining this equation with equations (2b) we get: 


cos 3; = — cos v2, 
is sin 3; = — sin %, 
that is, 
Pet Oe LOC ents: he eter a (4a) 


Equations (4) and (4a), which have been derived from the condition 
that the optical length of the ray is a limiting value, are, however, 
identical with the two conditions of the law of refraction. Thus, as 
follows from equations (8), a, is the angle of incidence, #, is the angle 
between the plane of incidence and the zz-plane, and #, is the angle 
between the plane of refraction and the xz-plane. Accordingly, the 
planes of incidence and refraction are inclined to each other at an angle 
of 180°, that is, they are one and the same plane. Exactly the same 
mode of proof is used when the ray is reflected from the surface instead 
of being refracted. All we have to do in this case is to put n1=72, 
because the ray remains in the same medium, and to suppose that 
both ai and a2 are comprised between 0° and 90°. Then equations 
(4) and (4a) become: 


sina; = sina, or a; = a2, 


2 = 3, + 180°, 


which are the two conditions of the law of reflection. 

Having established the above theorem for a single refracting 
surface, we can readily extend it to any number of such surfaces. 
When a ray of light traverses a series of transparent media, separated by 
refracting surfaces of continuous curvature, its path can be traced 
from the fact that the optical length along the ray from a point wn the 
first medium to a point in the last medium is a limiting value, that is, 
is @ maximum or a minimum. 

Let x1, Y1; %2, Y2; etc. denote the codrdinates of the points where 
the ray meets the various refracting surfaces in succession; Ym, Ym 
being the codrdinates in the case of the mth or last surface. All these 
systems of coérdinates are chosen so that the z-axis coincides with 
the normal to the surface and the zy-plane is tangent to the surface. 
Then the first conditions, that the optical length of the ray, which is 
denoted by W, shall be a limiting value, are: 
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dv dy 
—— = 0, —=0, 
dx, dy 
dv dv 
_—_—_- = 0 ) = 0 ) 
dx dys 
EEC 
dv dy 
a 0 ; ee 0 c 
dXm dm 


By the theorem just proved, the first pair of these equations is 
equivalent to the condition that the ray shall be refracted at the first 
surface according to the known law of refraction; and the second pair 
of equations is equivalent to the same thing for the second surface; 
and so on for each pair of equations for each surface in turn. And 
therefore the path of the ray is given by the above theorem in accord- 
ance with the law of refraction. . 

In this case also the investigation of the first derivatives of the 
optical length is sufficient. Whether the path of the ray is a maximum 
for all positions of the point of incidence, or a minimum for all positions, 
or whether it is a maximum for some positions and a minimum for 
others, can only be ascertained, of course, by investigating the second 
derivatives; but this is not the question at present. Hence, in the 
following discussion, we can speak of all values of the optical length 
of the ray as limiting values, provided the first derivatives of this 
function satisfy the maximum and minimum conditions; without 
stopping to consider the sign and magnitude of the second derivative. 
The influence of the second derivative on the problem here con- 
sidered will appear presently. 


II. If a bundle of homocentric incident rays is refracted through a 
series of optical media, separated by surfaces of continuous curvature, 
the rays that emerge in the last medium will be normal to a surface which 
as the locus of all points for which the optical lengths along the different 
rays have the same value. 

The notation will be the same as that used above. The terminus 
of the ray is in a curved surface for which 


V=) const uel: La, See eee (1) 


The coordinates of the points of this surface will be referred to the 
systems of axes used for the points of the last refracting surface. 
Let the codrdinates of a point on the surface ¥ =C be denoted by 
(a, b, c) where ¢ is to be regarded as a function of a and b. 
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Consider now two adjacent rays of the bundle. The codrdinates 
of the points where the first ray meets each of the surfaces in succession 
are: 


%1, Yi 5X2, Y25etC. 5 Xm, Ym5 0,5, 6; 
and for the second ray the corresponding coérdinates will be: 


BB Ge Nee Vue vAg 2+ Ave, vo + Aye; etc , 
Gm te AG Vicia Aen ee Cut Nd ib) AD ioe. 


The fact that c is a function of a, b is expressed by the equation. 
A dc ee: dc ‘ 
c= — Non 
da ‘ db 


If Y, Y+ AW denote the optical lengths along the two rays, then for 
infinitesimal values of the differences: 


dv dv dw 
ete ee Acie: say 
dx, dx» hee, 
i dy dy =) a 
da dc da * 
es ~ a ae Ree +(S4+" dc 
aah dda SeAE Bila ake Ge idena df 


Now as the value of W is constant over the surface whose points are 
given by the coérdinates a, b, c, we must have 


Av = 0. 


Moreover, by the foregoing theorem, 


hence 


av d dv dv dc 
w+ Sac + (SHS <) ab =0. 
da dc da dc ab 


This equation must be satisfied for all values Sie na ; and, consequently, 


we must have: 


0 


d 
da dc da 
(2) 
d 


S 
ll 
oO 


pret aed 
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Let ro, 71, . . » Tm denote the lengths of the portions of the path of the 
ray in the various media, and let mo, m1, . . . %m denote the indices of 
refraction; then 


W = moro bmi t+: > + + nlm. 


In this equation r is a function of a, b and c; consequently, 


av drm a— Xm 
ee Ning ee ee 

da da ton 

av drm b-— Vm 
db db tas 

dv arm Cae ms 
SSN a ) 
dc dc Tan 


and hence equations (2) become: 


dc 
(a — Xm) + (¢ — 2m) — 
da 
(2a) 
dc Lyi 
Bee) Gs cata) ae 


The interpretation of these equations is that the straight line drawn 
from the point (4m, Ym, 2m) to the point (a, b, c) is the normal to the 
surface VW =C at the latter point. 

The easiest way to see this is by recalling that the distance measured 
along the normal to the surface is itself the longest or shortest distance 
from a given point to the surface. Now if the distance 


tm = V (tm — a)? + (Ym — 6)? + (2m — 6)? 5 


between (mn, Ym, 2m) and (a, b, c) is to be a maximum or minimum, then 
we must have: 


arm dt m ac @ — Xm dc € — 2m 


Or= = ent : 
da dc da Tm da Tm 
CYT naaG = Ba es Ue 6 > 4 
ab. "Pdeda ere db tn 


These conditions are the same as equations (2a). And so the ray that 
goes through (a, b, c) is normal to the surface V =C that passes through 
this same point. 

As the light traverses equal optical lengths in equal times, it 
reaches all points of the surface V =C at the same instant, and hence 
this surface is a wave-surface, that is, it is a surface which contains all 
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those points where the aether-vibrations are precisely in the same 
phase.! 


Procedure of an infinitely narrow bundle of rays. Having proved 
that rays, emanating originally from one point, and undergoing any 
number of refractions at a system of surfaces of continuous curvature, 
will all be normal to a certain surface, the so-called wave-surface, we 
have therefore simply to consider a bundle of optical rays as being 
geometrically the system of normals to a curved surface, and governed 
therefore by the same laws. Accordingly, if a plane is passed through 
a certain ray A, it will intersect the wave-surface in a curve whose 
curvature at the point where the ray meets the surface will generally 
be different for different azimuths of the plane. According to the 
theory of curved surfaces, the sections of greatest and least curvature will 
be in planes at right angles to each other. If normals are drawn to the 
wave-surface that are infinitely near the ray A and that therefore 
represent adjacent rays, those normals that are in the sections of 
greatest and least curvatures will intersect the ray A at the centres of 
the circles of greatest and least curvature, respectively; whereas those 
normals that do not lie in one or other of these two principal sections 
will not intersect the ray A at all. Thus, in general, along every ray 
there are two focal points which are the centres of greatest and least 
curvature of the wave-surface at the point where the ray crosses it. 
When the surface has the same curvature at this place in all directions, 
the two focal points on the ray will coincide; and in this one exceptional 
case the adjacent rays will all meet the ray A in one point. 

In order to formulate these propositions analytically, let us con- 
sider a system of rectangular axes whose z-axis coincides with the 
ray A. The coordinates of any point on the wave-surface will be 
denoted as follows: 


x=a, y=b, 2=Cc. 


The equation of the surface itself will be expressed in such a form that 
c is given as a function of a and b. For the given set of axes, when 
dc dc 
a@=b=0, then albo—=—=0..-.-. . (1) 
da ab 
Let xz, y, 2 denote the coérdinates of a point on the normal to the 
wave-surface at the point (a, 6, c); then, as in proposition II, equation 
(2a): 


1 qThis is equivalent to the law of Matus published in 1808, that rays of light meet 
the wave-surface normally; and, conversely, The system of surfaces which intersect at right 
angles rays emanating originally from a point-source is a system of wave-surfaces. (J. P. C. S.) 


86 The Sensations of Vision (71, 72. 


dc 
@ =a) += 5) 
‘ (1a) 


ll 
° 


5 Ee eae 
Nees » re (hart a 
The magnitudes a+ Aa, b+ Ab differ infinitesimally from a, b; and if 


the former are substituted in the above equations in place of the 
latter, these equations become: 


(+ de — 2) + (c+ fae + Sav -s) = 


yf Sas Ge ve ; 
RRL Ga ree sak 


dc dc 
ee eed oa 


ac ) 
=10)'s 
da.db db? 


Putting a =b =0, and also equating to zero the first derivatives of c, 
according to equations (1), we shall obtain the following equations of a 
normal to the wave-surface at a point infinitely near that where the 
ray A meets this surface: 


A ba ) (Sa dips 0) = 
a x Cc Zz da a a ab = B 


Ab + ( ( ao + a0) 0 
2S Oe ay elas oan ne 
For all points on the ray A, we have x=y=0. Therefore, if the ray 
whose equations are given by (2) does intersect the ray A, x and y must 
vanish on this other ray also for any value of z. Putting x =y =0 in the 
above equations and eliminating z, we obtain the following equation 
as the condition of intersection of two adjacent rays: 


ac dc dc dc 
Aa? + — —} Aa Ab — Ab = Oe) 
da - db 2 a da - db 


If r denotes the distance between the two adjacent points on the 
surface, and a the angle which it makes with the z-axis (this angle 
being comprised, therefore, between 0 and 7), then 


Aa = rcosa, Ab =rsina. 
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For abbreviation, let us write 
ac dc 
db? da? 


da - db 


: ‘ a : : 
then supposing tae is not equal to zero, equation (3) becomes: 


ea OD, SF ilo) 55 oo 6 (3a) 
and hence 
fanee sp ake Incl in dene then ait? auc (3b) 
The two values of tan a, which are always real, may also be written 
n+/1i+n7® and poesia Salis tela 
n+Vitn 


Accordingly, if ao is one of the values of a, the other value is ay Ep or 


The two angles differ by a right angle. The magnitude 7, 


Tv 
Qo Bi: 
which denotes the distance of the normals measured along the wave- 
surface, vanishes from equation (3a). Hence, the ray A is cut by all 


adjacent rays that lie in planes that make angles a) and aots with the 


axis of x. 

Thus far the actual positions of the axes of x and y in the plane 
perpendicular to the ray A have been perfectly arbitrary. Now let us 
suppose, for simplicity, that the xz-plane and yz plane coincide with the 
two principal planes of the wave-surface at the origin of codrdinates, 
that is, with the two perpendicular planes in which the adjacent rays 
lie that intersect the ray A (or z-axis). In this case the two values of 
tan a will become 0 and ©, and this means that 


N=") 
and 
ac 
da.db 


The condition of intersection of the ray A by the adjacent rays, as 
expressed by equation (3), reduces, under these circumstances, to 
ac a2G 
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Now, as a matter of fact, this latter equation will be always satisfied, 
provided either Aa=0 or Ab=0, that is, provided the intersecting 
normals lie either in the yz-plane or in the xz-plane. And, finally, if at 
the same time 


? 


the condition that adjacent rays shall intersect the ray A is satisfied 
for all arbitrary values of Aa and Ab; that is, all the adjacent rays 


2 
meet the ray A. Still supposing that Pan =0, and then putting either 


Aa=0 or Ab =0, we find, as was mentioned above, the distance z of the 
point where the adjacent rays meet the ray A by putting z=y=0 in 
equations (3). 

For the rays in the xz-plane, Ab =0; hence from equations (2) the 
distance of the point of intersection from the wave-surface is 

1 
2—¢ =—- 
d’¢ 


da* 


The second of equations (2) becomes 0 =0. 
For the rays in the yz-plane, Aa =0, and 


1 
:— = — 
d*¢ 
db? 
; 55 OEE ae 1 - 
Finally, if —- = —- = —, then for all adjacent rays without dis- 
ada* = db p 
tinction 
Z—C=p. 


Moreover, in this case the xz-plane and yz-plane are also the 
principal sections of the surface for which the curvature has its maxi- 
mum and minimum values; and the values of the corresponding radii 
of curvature are: 


1 il 
Ps = —— =— 

a¢ a a¢ 

da? db? 


and hence the focal points of the bundle of rays are also at the centres 
of principal curvature of the wave-surface. 

Constitution of an infinitely narrow bundle of rays that meets the 
wave-surface in a circle. In order to get a clearer notion of the way the 
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rays go in an infinitely narrow bundle of rays, let us consider the 
constitution of a bundle of rays that cuts out a circle on the wave- 
surface. Therefore, in equations (2), as before, we put 


d*¢ 
da: db 


= Oand Ac = rcosa,Ab=rsina 


and obtain: 
d’¢ 
rcosa — x + (¢ — z) —rcosa=0, 
da? 


* ( ) d*¢ . 
sin = = prenoa = . 
r a ey: + c 4 F rsina = 0 


In order to find the curve in which the surface of the bundle cuts a 
plane perpendicular to its axis, we must put z =constant, and eliminate 
the angle a. By way of abbreviation, let us put 


ll 


[pee "sl", 


= + [1+ ¢ =] 
p= r ¢ Lage 


d’¢ r 
a= +r [14 6-9=] Gee ot Cnr 


so that we may write: 


This is the equation of an ellipse, with its axes 2p, 2q parallel to the 
axes of x and y. The smaller r is, the shorter both axes become; and 
hence if the bundle of rays meets the first wave-surface not simply in 
the points in the circumference, but at all the points also in the interior, 
of a circle, all the rays continue to be comprised inside the space that is 
formed by the outside rays, so that the form of the bundle is determined 
by the latter. On the wave-surface itself where the investigation of the 
bundle begins, we have c—z=0, and therefore the semi-axes p =q =r, 
that is, the cross section at this place is circular. The axis p collapses 
into a pomt when 
1 
Z oo Pe Pa 5 


da? 


that is, when the section of the bundle is made at the focal point. 
of the rays lying in the xz-plane. The other semi-axis at this place is 


bf 
g = + — (9, + ps)” 
po 
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The section of the bundle, therefore, is a straight line parallel to the 
y-axis, whose length is twice that of the value of ¢ given above. 
On the other hand, the section of the bundle will be a straight line 
parallel to the x-axis, when 
1 
SUN) Pe = pos 
db? 
Lf 
gq =A0F, p= + — (pc +'ps) - 
Pa 
Finally, there is one other place where the section of the bundle is 
a circle, namely, the place where 


(PE Sis 
c—2 c—2 
1+ — = =f = ’ 

Pa Pb 
2paPhd 
Pa Pb 
and here 

p=qetr 2. 
Pa + po 


Between the two circular sections of the bundle one of the linear 
sections must lie. The longer axes of the elliptical sections that are 
between the two circular sections are parallel to this linear section; 
whereas the longer axes of the elliptical sections that are beyond this 


Fig. 10. 


interval are perpendicular to this linear section. The horizontal line 
cd in Fig. 10 is intended to represent the central ray of the bundle. A 
circular diaphragm is supposed to be at c. The focal points are marked 
at a and b. Below the line are shown the forms of the cross sections 
of the bundle corresponding to the points in the ray above. 


General analytical condition for the positions of the focal points. 
Consider a pair of contiguous rays A and B which are supposed to 
have a common origin. After being refracted at a series of surfaces of 
continuous curvature, they meet again at a focal point. The optical 
lengths along these two rays from their starting point to their focal 
point will be denoted by YW and W+AW. The different systems of 
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coérdinates to which the points on the various refracting surfaces are 
referred will be chosen again so that the z-axis in each instance is along 
the incidence-normal belonging to the ray A; the xy-plane being 
tangent to the refracting surface. The codrdinates of the points 
where the ray B meets the first refracting surface will be denoted by 
Zi, Y1, 21; and those of the point where it meets the second refracting 
surface by 22, y2, 22; and so on, the codrdinates for the last surface 
being 2m, Ym) 2m. However, it will be assumed in this discussion that the 
optical lengths are expressed as functions of x, y only; that is, that the 
z’s which are themselves functions of x and y have been eliminated. 
Moreover, as the rays A and B are assumed to be infinitely close to 
each other, the magnitudes 2, yi, etc., to Zp», Ym are regarded as being 
infinitesimal. 
Then by Taytor’s theorem 


dy dv dv 
W+ AW = WV + —24,4+—x,4+ - is + — nxn 
dx dx Xm 
sis dv a dv n " dv 
Sa Neh ES yg Yataill. Bi. PREBE EH ,0), 
dy; . dy2 dm 


Now the optical length along either ray must be a limiting value, 
according to the first of the theorems proved above, that is, the 
first derivatives of V and V+ AW, with respect to each of the co- 
ordinates %1, Yi} Z2, Y2; and so on to Lm, Ym, must be equal to zero. 
Thus, for the first ray: 


dv dv dv 
— = 0 A ——— 7 () ROR iEE: ;— = 0) F 
dx; dx» dim 
dv dy dv 
—— = 0) ? SOs oo Mae a 0 , 
dy dys dm 


and, taking account of these relations, we have the following system 
of equations for the second ray: 


ay avy ay ay 


x1 + ie Nall a arcmetTha In = 
ax? ; dx,dy\ chs ax1dXm dx1dYm 
ay ay ay ay 
oe ——= I Nie see AS = fs ae Yn = 0 
dyidx, : dy," ‘a dyid Xm dyid¥m 
ns on oN ne fee (4) 
ay ay ay ay 
x1 + SS Grate Mere a ym = 0 
dXmd x1 dxmady1 ean AXmLYm 
ay ay a’y ay 
wi + Dea Og Xm + ane Leer 
dyna x dymdy1 dV mdXm dy ™ 
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Incidentally, the number of terms in these equations will be con- 


decal reduced’ by Che tactihe te = ie 
siderably reduced by the fact tha Pe a an Be 
vanish whenever the subscripts f and g differ from each other by 
more than unity. 

There are 2 m equations with 2 m unknowns, namely, the z’s and 
y’s from 21, Y1t0 tm, Ym. However, since all these unknown magnitudes 
cannot be equal to zero (because the ray B is not the same as the ray A) 
the equations may all be divided by one of these magnitudes, say, %1, 
that is not equal to zero, which will have the effect of reducing the 
total number of unknown quantities to (2 m—1) ratios all having the 
common denominator z;. Thus, when these (2 m—1) quantities are 
eliminated from the 2 m equations, one equation will be left that does 
not any longer contain 21, y:, etc., tO %m, Ym, but simply the second 
partial derivatives of Y. This last equation, obtained by putting the 
determinant of equations (4) equal to zero, is the required equation for 
the position of the focal point. 

This determinant is easily formed by known methods;' it consists 
of asum of terms the first of which is the product 

ay avy aw re ay ay 


dx,-dx, dyidy, dx2- dx2 (iid © GRO , dym- dm 


The other terms of the series are easily obtained. The denominator 
of each of the differential coefficients is a product of two factors. 
What has to be done is to leave the first factor just as it is, while 
the other factor is varied in every possible way, merely changing the 
sign of the term whenever two of these factors are interchanged with 
each other. 

Thus, in the language of the calculus of variations, the position 
of a ray between its two terminal points is found by putting the first 
variation of its optical length equal to zero. The terminal points will be 
conjugate foci, provided the second variation of the optical length 
vanishes also. In the latter case the optical length is not necessarily a 
maximum or minimum. 


Refraction in a Prism 


Let the position of the luminous point be given by the codrdinates 
a, b, c, referred to a system of axes in which the c-axis coincides with 
the refracting edge of the prism and the bc-plane is the same as that 
of the first face of the prism, the positive direction of the a-axis being 
outside the prism. Suppose that the ray is incident on the first face 


} See Jaconi in CrELLEs Journ. fiir Math. XXII. 
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at the point whose coérdinates are a=0, b=y, c=z. Similarly, let 
a, 8, y denote the rectangular codrdinates of a point on the emergent 
ray, referred to another system of axes whose y-axis again coincides 
with the edge of the prism and whose 6y-plane is the same as that of the 
second face of the prism, the positive direction of the a-axis being 
likewise outside the prism. The y’s are all measured from the same 
point in the edge as the c’s, that is, the ab-plane of the first system 
is identical with the a6-plane of the second system. Let the codrdinates 
of the point where the ray emerges at the second face be denoted by 
a=0,8=v, y=. The refracting angle of the prism will be denoted by 
g and the relative index of refraction of the two media by n. The 
~ lengths of the paths of the three portions of the ray, before entering 
the prism, inside it, and after leaving it, will be denoted by ro, 7: and 
%2, respectively; and the total optical length will be denoted by W. 
Then 


fon GeO yt te) 


ry = V y? — 2yv cos g + 0? + (2 — £)? Mie eee (5) 


VRE e(ot ey eer 
ro + mri + re 


T2 


Vv 


The codordinates of the second system in terms of those of the first 
system are given by the formule: 


— bsing 
inept icon | Se Ap) se 8, ac" (Gyr) 


2Dea 
Ul ll 


If the ray is refracted according to the law of refraction, then, by 
theorem I above, the following conditions must be satisfied: 


dy y—b = y—vcos¢ 


0 = — = — +2 
dy ro ry 
dv v— 8B v—ycos¢ 
rainy iee +n a 
fa (6) 
(NG = VAG a= ¢ 
0= —= +n _ 
dz To 11 


ay aay G—2 


Via T2 Ti 


94 The Sensations of Vision (77, 78. 


Here let us introduce the following abbreviations: 


b=-y Yy—vcos¢ 


= = cosm 
nro ry 
B— Vv, = 4) cosig 
= ——— = cosy ce. an) een e(OaD) 
NP - 71 
GI Cay fj 
=p ee COST 
nT o nro ‘1 ) 
where 
sin? g sin? y = cos? m + 2cosmcosucosg +cos?u - - (6b) 


If the second derivatives of Y are developed in terms of this notation, 
the system of equations (4), which give the positions of the focal 
points and the relations between the infinitely small differences 
Ay, Az, Av, Ag of the codrdinates y, z, v and ¢ for a pair of adjacent 
rays intersecting each other at conjugate foci, becomes: 


1 is nn Nn 
— (1 — n®? cos?m) + — sin?m]| Ay — |— +—} cosm cosy Az 
To fh \ 70 11 


+ (7a) | 
n n 
— — (cos g + cosm cos p) Av + — cosmcosv AE = 0; 
T) Ty 
We ai 1 nm , 
—{—-+—] cosmcosy Ay + | —(1 — n? cos? v) + — sin? py | Az 
Yo Lat Yo v1 = 
t (7b) 
n nm. 
— — cosyzcos vy Av — — sin? y At = 0; 
al “at 
n n 
— — (cos ¢ + cos m cos nw) Ay — — cos pcos v Ag 
ry) Y) 
(7c) 
+[= (1—n? cost a) + sin* fart (E42 cos up cosy Af=0 ; 
n fon 
— cosmcosv Ay — — sin?» Az 
Lal 11 
(7d) 
nN nH 1 Te 
+ {—+ — }cos yu cos pau +[ (=n? cos? vy) + —sin? »y |At¢=0. 
12 Tz re al 


Generally, the length of the path of the ray inside the prism (r:) may 
be neglected in comparison with the lengths 7, and r, outside the prism. 
If the four equations above are each multiplied by 7, and then all 


terms neglected that contain eee factor, as being infinitely 


To To 
small, the four equations will reduce to three as follows: 
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sin? m Ay — (cos g + cos m cos uw) Av — cos m cos »v (Az— Aft) = 0 , 
— cos m cos vy Ay — cos pw cosy Av + sin? y (Az — Ag) = 0,} (8) 


— (cosy + cos m cosu) Ay + sin? 4 Av — cosy cosy (Az — At) = 0 A | 


However, one of these three equations can be deduced from the other 
two; and hence, after eliminating (Az— A), we get: 


(cos » + cos _m cos g) Ay = (cos m + cos u cos ¢) Av ) 
or 
(8a) 


or after elimination of Av: 


(Az — Af) (cosm + cosy cos ¢) = cosy sin®’g Ay 
or 
(8b) 


These two equations are simply the conditions that the two rays may 
be considered as being sensibly parallel during their short routes 
through the prism; as must obviously be so, provided the point where 
they meet is infinitely remote as compared with the length of the 
path inside the prism. 

The next step is to express two of the unknown magnitudes Av and 
Af in terms of the other two Ay and Az. This involves obtaining by 
elimination from equations (7) two new equations which do not 


contain the small magnitude r,, and from which the ratios mG and 


a may be found. 
One equation of this kind is obtained by adding (7b) and (7d): 
n? n? 


1 
— —cosmcosv Ay + — (1 — n* cos? v) Az + — cosmcos v Av 
To To T2 


(8c) 
cer — n* cos? vy) Ag = 0. 


To ) 
In order to obtain the second equation, multiply equation (7a) by 
T1 
y = —— (cosm + cos p Cos ¢) , 
sin? 9 
equation (7c) by 


Lal 
v= — (cos » + cosm cos ¢) , 
sin? 9 
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and equation (7b) by 

2—-¢6=71cosv; 
and add the three equations thus obtained. All the terms that are 
multiplied by 3- will vanish, and we shall get: 


eZ {(1 — n? cos? m) Ay — n®cosm cosy Az} 
T0 


een 


To 


4 


{ — n®cosmcosv Ay + (1 — n? cos? v) Az} = a(S) 


v 
+—{(1 — n* cos? pw) Av + n® cos pcos v Ag} =0 
12 


If the values of Av and A¢ in terms of Ay and Az as obtained from 
equations (8a) and (8b) are substituted in equations (8c) and (8d), 
two equations will be obtained containing the unknown quantities 


= and a When one of them is eliminated, the other is given by a 
quadratic equation which has two roots. Thus, for any arbitrary com- 


bination of values of the angles m, u, v, we get at least one definite 
numerical value of the ratio 2 Consequently, for a given direction of 


the bundle of rays rz is proportional to 7», supposing that the latter 
varies. If 7) is infinite, so also is ro. It is not worth while actually to 
give the elimination equations here. We shall merely investigate 
certain special cases that are of interest to us. 

First, let us inquire in what cases a homocentric bundle of incident 
rays will issue from the prism as a homocentric bundle of emergent rays. 
If all the rays emanating from the luminous point are to intersect each 
other, the conditions (8c) and (8d) must be satisfied, no matter what 
values we take for Ay and Az. Each of these magnitudes, therefore, 
may be put equal to zero, and thus the following conditions are 
obtained. 

1. If we put Ay =0 in equations (8c), which, according to equations 
(8a) and (8b), means also that Av=0 and Ag = Az, then 


i 1 
(—+-) (l =2n?cos? vy) = 0) = (Ga) 
To T2 


1 {This whole subject has been beautifully treated synthetically by L. BuRMEsTER, 
Homocentrische Brechung des Lichtes durch das Prisma. Zft. f. Math. u. Phys., XL (1895), 


65-90. See also: J. P. C. Sournatt, The principles and methods of geometrical optics, 1910, 
pp. 97-105. (J. P. C. 8.) 
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Since by equation (6a) n cos vy = —_ , the second factor of the above 


equation cannot be equal to zero unless rp =c —z, that is, unless the ray 
of light grazes the first face of the prism and therefore does not enter it. 
Consequently, the first factor of equation (9a) must be zero, that is, 


ena 

2. If we put Az=0 in equation (8d) and 7, = —7, then 

O = (1 + n? sin?» + n* cos? v) (cos? m — cos? p) . 
The first factor is equal to (1++n”), which is never zero; consequently, 
COSI —=COSIIG® Al fa ae eet ee OD) 

3. If we put Az=0 in equation (8c) or Ay=0 in equation (8d), and 

72 = —7o, then, taking account of equation (6b), we get: 
(1 — n*) cosusin’g = 0. 


Since ¢ is the refracting angle of the prism, sin ¢ cannot be zero; 
and hence 

cosu=0, 

(9c) 
CS = F =%7. 


Accordingly, the ray lies wholly in a principal section of the prism, 
that is, in a plane perpendicular to its refracting edge. Under these 
circumstances, let us write equation (9b) in conformity with (6a) in 
the form: 

y—vco.y = + (v— ycos¢), 

y(1 + cos gy) = + o(1 + cos¢), 


that is, 

y= APSE PES OS UE Od) 
Let e, €: denote the angles of incidence and refraction at the first face 
of the prism, and 7:1, 7 the angles of incidence and refraction at the 


second face (the symbols with the subscript referring to the two 
angles inside the prism) ; then 
v sin 9 y sin y 


cos €; = , cos m1 = ’ 
T1 T1 


and hence under the given conditions: 
cos €; = COS 71, 
and therefore also 


sine = sing = “sin = sing. 
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In other words, the angle of emergence at the second face is equal to 
the angle of incidence at the first face. 

If the bundle of emergent rays is to be homocentric, the path of 
the chief ray through the prism must be in the direction of minimum 
deviation. 

When the codrdinates a, b, c, x and y as referred to the first system 
of axes are transformed by equations (5a) into those of the second 
system, the cosines of the angles which the incident ray makes with 
the axes of a, 8 and y in the second system are found to be as follows: 


acos¢g+(b—y)sing (6—y)cosp—asing c-—2. 
To To To 
and the cosines of the angles made with these same axes by the emer- 
gent ray are: 
& idiare ves 


—y, — 


12 T2 T2 


Let w denote the angle between the directions of the incident and 
emergent rays; then 


COSia =F — 


[acosy+(b—y) sing] a pales cos gy—asin ¢] (6—») | 


Yo 1 Yo To 


pe panies®) 
To T2 


| (10) 


The variables a, b, c, a, 8 and y may be eliminated from formula (10) 
by means of equations (5) and (6). In the first place 


es 1 a: (y—v cos ¢)?+(z—¢)? 6 es pina: Pes 
To ry? 


ry? 


(10a) 


iene. ee ee 


I 


‘fl aka 


If one of the two radicals here should be imaginary, the ray will be 
totally reflected at the corresponding face of the prism. Equations (6) 
give at once convenient expressions for the quotients = =, Saas 
0 0 
ad eee zs y. When these values are substituted in formula (10), the 
cosine of the angle of deviation will be given in terms of y, v, 2 and ¢. 
Indeed, it can easily be contrived so that the last two of these magni- 
tudes do not occur at all except as they are involved in r:. Thus, the 
following expression is found: 
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sin? ¢ 
cosw = — n?+n? ; (y?—y v cos gv?) 
Lal 
sin 9 : 
—n =A eat cos g) W/n*y* sin’g—(n2—1)r.? 
1 
; + (10b) 
sin g : 
et ance (v—y cos ¢) Vv? sin’g— (n?—1)r;? 
Tet 
cose ? 
ric V ny sin?’g—(n?—1)r1? nv? sin’g— (n?—1)ry? 
ei 


Supposing that x and y are constant, let us try to find the values of 
v and ¢ for which the angle w is a maximum; in which case 


dw da 

—=0 and —=0Q. 

dv dé 

As ¢ does not occur in the expression for cos w except as it is involved in 
71, the second equation above may also be written: 


dw 1 d(cos w) 


= 0), 


d¢ sinw d(r,?) 
This equation is satisfied for all values of v, provided 
¢-—z=0. 
But this condition would not be sufficient, either if sin w =0, that is, if 
the ray were not deviated at all (as would be the case if the prism were 
a plate with its two faces parallel to each other), or if the derivative of 
cos w should become infinite due to the fact that one of the denomin- 
ators in the expression for this function happened to vanish. It is 
evident from (10b) that r, and the two radicals are the only functions 
that could occur as denominators in the expression for the derivative. 
But as long as y and v are positive, even if their values are infinitely 
small, as they must be if the ray is to go through the prism, 7; cannot 
vanish. Moreover, on account of equations (6a), the expressions under 
the radicals cannot vanishif the ray is to extend on either side of the 
prism itself. Accordingly, the condition 


dw 
— 0 
dg 
will be satisfied by putting 
z2=¢. 


Consequently, we have also by equations (6) 
A= ginel (CS 675 
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which means, as above stated, that the ray lies wholly in the plane 
of a principal section of the prism. 
The other condition which has to be satisfied in order that the 


angle of deviation shall be a maximum is that 
dw 
—=0, 
dv 


and, with this in mind, let us first simplify the expression for cos w by 
imposing the condition z=¢, that is, 


ry? = y? + v2? — 2yucos¢. 
Introducing here a new variable q in place of v by writing 
US (hog 


we contrive to make both y and v disappear together from the expres- 
sion for cos w as given by equation (10b), so that cos w becomes then 
simply a function of g, which may be written therefore 


cos w =f (q). 


But as the expression for cos w is not altered by interchanging the 
letters y and v whenever they occur, it follows that for any value of 


q we may write: 
1 
cosy = fg) = (-) 

Moreover, if f’ (q) denotes the derivative of f (g) with respect to q 
then 

dcosw 1, 4 I\ 1 

ee ae 
v y 3/ | 


Now for v =y, that is, for g=1, 
f@=-f@, or f@=0; 


that is, 
d cos w 
dv 


Accordingly, unless sin w =0 at the same time, 


dw d cos w 1 


Hence, if 


z=¢ and y=v, 
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we have both 


dé dv 


and the angle w is a limiting value. Investigation of the second deriva- 
tive shows that in this case w is a maximum. Accordingly, the angle 
between the prolongation of the incident ray and the refracted ray 
(which is the real measure of the deviation) is a minimum. 

The maximum value of the angle w is found by putting y=v and 
2=¢ in formula (10b) ; which gives 


w = 9 + 2arccos [» sin £] cote et rare ree (LOC) 


The condition that a narrow homocentric bundle of incident rays shall 
emerge from a prism as a homocentric bundle is that the chief ray shall go 
through the prism with minimum deviation, that is, shall lie in a principal 
section of the prism and shall make equal angles with the two faces of the 
prism. 

Under such circumstances, therefore, the prism produces a potential 
image of a luminous point, lying on the same side of the prism as the 
luminous point and at an equal distance from the prism. The image, 
however, is not where the source is, but is displaced towards the refract- 
ing edge of the prism through an angle equal to (7/2—») 


Image of a Luminous Line in a Prism 


The requirement for a distinct image of a luminous point is that 
the bundle of emergent rays that enter the eye shall be homocentric. 
However, when the source of light is a luminous line, deviations (or 
aberrations) of the rays in the direction of the image of this line do not 
tend to impair the exactness of the image. Now this is the case that 
ordinarily occurs in the spectrum. If the luminous line is parallel to 
the refracting edge of the prism (z-axis), deviations in the direction of 
z are not objectionable at all, whereas deviations in a plane passed 
through the ray at right angles to the z-axis do affect the definition of 
the image. If there are to be no deviations from homocentricity 
except in the direction parallel to the z-axis, then in equations (8) 
we must put Ay =0, and therefore also Av=0, Az= Af; and thus from 
equations (8c) and (8d) we obtain: 
1 1 

—+—) (1 — 7’ cos? v) = 0, 
ro re 

that is, 


WOM ig ee ee Aa) 
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and, secondly: 
(1 — n’) cosy sin? g = 0, 
whence we derive as above: 


cosy = 0 
Cs oa en BOs 
If the last condition is satisfied the deviations Ay will be in a plane 
passed through the ray at right angles to the deviations Az. Accord- 
ingly, the second plane of convergence which has to be regarded as 
perpendicular to the other is the one in which these deviations occur. 
The place where the rays intersect that lie in the plane at right angles 
to the edge of the prism is found by putting Az=0 and cos y=0 in 
formula (8d); consequently Ag =0 also, and 


1 1 
— (1 — n® cos? m)y? + — (1 — n? cos? w)v? = 0. 
To T2 


If, as formerly, the angles of incidence and emergence are denoted 
by e and 7 and the angles inside the glass by ¢: and 7, that is, if 


vsing y sin g 
cos é4 = cos 71 = 
‘1 Lat 
: : y — vcos¢ 
sine = nm sine, = nm —————— = ncosm 
11 
sinn = cos, 
then 
ro cos? €, cos? 7 
ao Fo, dd soother need) 
To cos? € cos? 71 
or 
cos? 1 cos? €; 
oa ET ; 
cos? 7 cos” € 
n> — 1 n> — 1 
OS Se =a | (abs —|. 
cos? n cos” € 


In this latter form, it is easy to see that when 7 decreases and e 
increases, 72 increases and 7) decreases. The point of intersection of the 
rays is therefore more remote from that face of the prism that corres- 
ponds to the smaller of these two angles. 

For minimum deviation (€=7), r2=—7o,. so that the point of 
intersection of the rays in the plane perpendicular to the edge of the 
prism is at the same distance as the point of intersection of the rays 
in the plane parallel to the edge. 
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The image of a luminous line parallel to the edge of the prism is 
formed at the place where, according to equation (11b), the rays 
meet that lie in the plane of a principal section of the prism. Hence, 
the distance between the prism and the image of a luminous line parallel 
to the edge of the prism 1s greater than the distance of the object, provided 
the angle of incidence at the first face of the prism is greater than it is for 
minimum deviation; and, conversely, the image is nearer the prism than 
the object, when the said angle of incidence is less than it is for minimum 
deviation. 

If, therefore, a luminous line adjusted in this way is viewed through 
a prism either by the naked eye or with the aid of a telescope, the 
focusing for minimum deviation is for the same distance as that of the 
object itself. But if the prism is rotated out of this position around 
an axis parallel to its edge, the focusing of eye or telescope will have to 
be changed accordingly. The image will not be at infinity unless the 
object is infinitely distant also; and then the focusing is the same for 
all positions of the prism. 

If the luminous object is a bright vertical line, emitting a definite 
kind of homogeneous light, say, red light, its image in a vertical 
prism (that is, a prism with its edge vertical) will be a vertical line. 
But if the source emits violet light as well as red, there will be a violet 
image also consisting of a vertical line, but farther from the object 
than the red image because the violet rays are more refrangible than 
the red rays. And, if, finally, the luminous line-source emits light of 
all kinds of refrangibility, there will be a special image of it for each 
special kind of light, all these linear images being ranged in order side 
by side between the red image at one end and the violet at the other, 
and constituting a spectrum in the form of a rectangle. On the suppo- 
sition that the luminous source sends out light of every possible degree 
of refrangibility between certain limits, the spectrum will be con- 
tinuous. On the other hand if light corresponding to some particular 
wave-lengths is missing, the corresponding images in the spectrum will 
be missing also, and there will be dark vertical lines at these places, 
the so-called FRAUNHOFER lines. 


Apparent Width of Image in Prism 


It is impossible to have a luminous object corresponding to a 
geometrical line. A luminous object as actually employed in optical 
experiments necessarily has some superficial extent. Therefore, the 
image of a so-called luminous line will likewise have a certain width, 
which we proceed now to determine. 
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If ¢, €, denote the angles of incidence and refraction at the first 
face of the prism, and m, 7 the corresponding angles for the second 
face of the prism, then 


sine = sin €, 
nm Sin m1 Hy ai Babin d ahr es ae.) 
mte=¢ 


ll 


sin 7 


where ¢ denotes the refracting angle of the prism. Suppose the slit is 
very far away and that the angle it subtends at the prism is denoted by 
de; then the angles of incidence of light coming from opposite sides 
of the slit will be « and e+de. The angles ¢:, 71 and 7 for one side of 
the slit will become, therefore, e:+de:, 71 +dy:1 and »+dy for the 
other side. Differentiating equations (12), we obtain: 


cosede = n COS €; de , 
cosn dn = n cos m1 dm, 
dyi +d =O. 


Eliminating de: and dn, we have: 


ll 


cos €* COS 71 
— de =a SRP MaAGeIN Es we Gi2a) 
cos n° COS €1 


Now dn, as given by this formula, is the angle subtended by the 
image of the slit in the prism. Suppose the prism is adjusted in the 
position of minimum deviation; then 


emmy: Sey Slay 
and, consequently, 
— de = dn. 

The greatest value of ¢ is a right angle, which happens when the 
ray grazes the first face of the prism. In this case the other angles 
continue to be acute angles, so that their cosines do not vanish, and 
hence 

dyn =.0. 
For this focusing, therefore, the image of the slit is infinitely narrow; 
but although it may be possible in actual experiments to approximate 
this limiting position, of course, it cannot be perfectly accomplished. 
The opposite state of affairs occurs when the prism is adjusted so that 


the light issues from the second face very nearly at grazing emergence, 
and therefore cos 7 is nearly zero. In this case 


dy 
de 


SiO 
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If the distance of the slit from the prism is ro, and if the apparent dis- 
tance of its image from the prism for horizontal rays is r2, then from 


(11b) 


Jo: 12 = dn: de DEES BA EOE of CB} 


Purity of the spectrum. The smaller the difference of refrangibility 
dn for colours in the same part of the spectrum, the purer the spectrum 
will be; and therefore the magnitude of dn may be taken as a measure 
of the impurity. 

Suppose we consider the refracted ray that comes from the given 
place in the spectrum to the nodal point of the eye; so that both 
its position and the angle 7 are definite and fixed. On the other hand, 
the angle « varies for rays coming from different parts of the slit, and 
the index of refraction varies for different colours. In the equations 


sine = msiné,, 
sinn = nsinm, 
mta=¢@ 


let us treat y and 7 as constant and e, €:, 7: and ” as variable. By 
differentiation we get: 
cose de = sine, dn + n cos & dey, 


0 = sin 91 dn + cos mdm, 
dm + de =O. 


Eliminating de, and dy, we have: 
cos € - COS 71 - de = (sin €; COS 71 + COS €; Sin 71) dn 
=sing-dn. 
Now if de is the angle subtended by the width of the slit at the prism, 
the measure of the impurity of the spectrum is 


cos € - COS 71 
dn = —————-de ......... (13) 
sin ¢ 

As the light tends to graze the first face of the prism, the angle « is 
more and more nearly a right angle, and therefore cos « tends to 
vanish, so that ultimately dn=0. In this case, therefore, for a slit 
of given size the spectrum is purest, but at the same time the aperture 
of the prism also becomes very small for such oblique incidence, and 
the loss of light by reflection is very large. On the whole, therefore, 
it is better to try to get a pure spectrum by narrowing the slit (that is, 
by diminishing de) which can generally be done without special 

difficulties.! 


1 €Concerning purity of spectrum and resolving power of prism or a prism-system, see 
Lord Rayxercu, Investigations in Optics. Phil. Mag. (5) VIII, 1879, pp. 261-274, 403-411, 
477-486, and (5) IX, 1880, pp. 40-55. See also J. P. C. Sournau, Principles and methods 
of geometrical optics, 1910, pp. 492, foll.; and R. W. Woop, Physical Optics, 2nd ed., 1914, 
pp. 108, foll. (J. P. C. 8.) ; 
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So far as the luminiosity of the spectrum is concerned, the brightness 
of the slit for any special colour is to that of its image in the inverse 
ratio of their widths de and dyn, provided we leave out of account losses 
of light by reflections at the sides of the prism, and provided the 
aperture of the prism is greater than that of the pupil of the eye or 
than the object-glass of the telescope, if the spectrum is observed 
through that instrument. Thus, if the brightnesses of slit and 
image are denoted by h and fi, then 


hde = hkidn 
and hence by equation (12a): 
cos 7 CO! 
A ge hea bs 
cos € COS 71 


Let H denote the luminosity at some place in the spectrum; being 
equal to the sum of the luminosities h: of all the separate homogeneous 
kinds of light that contribute to the illumination at this place. As a 
rule, it may be assumed that the brightness of simple colours of 
nearly the same wave-length \ is the same. If, therefore, d\ denotes the 
difference of wave-length and dn the difference of refrangibility for 
colours that overlap at a certain place in the spectrum, we may write 


dn 
H=hd¥=h—dn, 
dn 


and hence, when the value of dn as given by equation (13) is substi- 
tuted in this expression, the following formula is obtained: 


COS 7 COS €1 dy 
AH = h———ad-—, 
sin ¢ dn 


where de denotes the apparent width of the slit. To get a clear idea 
of the meaning of this expression for H, suppose that we had an actual 
geometrical line of light instead of an illuminated slit, and that the 
problem was to find the angular width dy of the interval in an ab- 
solutely pure spectrum corresponding to the positions of two coloured 
images whose difference of refrangibility was dn. The ratio a which 
will be denoted by J, is found by differentiation in the same way as 
above; thus 


dn dn dv aN sin ~ 


dn dddn dn COS 7 COS €1 
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In this case, therefore, 


Accordingly, apart from losses of light by reflection and absorption, 
the luminosity of the spectrum, regarded as something that is indepen- 
dent of the dispersion of the prism and the geometrical conditions, 
1s directly proportional to the luminosity of the given colours in the 
spectrum and to the apparent width of the slit, and inversely proportional 
to the apparent length of the portion of the spectrum under consideration. 

When the prism is adjusted for minimum deviation, the apparent 
widths of the slit and image are equal, and 1/demay be regarded as the 
measure of the purity of the spectrum. Under these circumstances 
therefore, the luminosity of the spectrum, for constant luminosity of the 
slit, 1s simply inversely proportional to the purity of the spectrum. This 
means, therefore, that to get the greatest purity, the light should be as 
brilliant as possible. 

On the other hand, it would be theoretically possible to obtain 
rather greater luminosity for the same degree of purity in the spectrum, 
by increasing the angle of incidence at the first face of the prism and 
making the slit broader; but in order not to vary the length of the 
spectrum, the refracting angle of the prism would have to be increased 
also. However, no practical advantage is gained in this way, because 
there is always more light lost by reflection, and, besides, if the faces 
of the prism are not truly plane, slight errors of this kind become more 
manifest in the image at large angles of incidence. 

It has been assumed above that the prism was used without the 
aid of any other optieal system. But the prismatic spectrum like any 
other optical image may be made the object for inspection through a 
telescope and may be magnified at pleasure. Of course, this will not 
affect the purity of the spectrum; and if the aperture of the telescope 
is large enough to show the object in its natural brightness, and if the 
aperture of the prism is as great as that of the telescope, the luminosity 
of the magnified image will also remain unchanged. The above rules 
also concerning luminosity and purity of the spectrum are not altered, 
provided de is understood to mean the apparent size of the slit, dy that 
of its image, and / the length of the portion of the spectrum under con- 
sideration, as these magnitudes appear through the telescope. Inci- 
dentaily, the condition formulated for the luminosity of the spectrum 
shows why quite small prisms are sufficient in observations where no 
telescope is employed, whereas the size of the prism increases with the 
magnifying power of the instrument, when the apparatus is designed 
to be used with a telescope. 
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In focusing a telescope on a spectrum, another point to be noticed 
is that the coloured bands and dark lines appear distinct when the rays 
that diverge horizontally are brought to a focus (supposing that slit 
and prism-edge are vertical, which is always to be understood); 
whereas the upper and lower boundary lines of the spectrum and any 
other horizontal lines, which may easily be produced in the spectrum 
by some irregularities in the edges of the slit or by particles of dust 
on them, will show up distinct if the vertically diverging rays are the 
ones that are converged to a focus. It is only when the prism is in the 
position of minimum deviation that the telescope can be focused for 
vertical and horizontal lines at the same time. And, in fact, provided 
the faces of the prism are perfectly plane, the focusing is the same as 
it would be to see the slit distinctly when the prism was out of the way. 
But if, starting with the prism in the position of minimum deviation, 
the edge is rotated more towards the object-glass of the telescope, the 
latter will have to be focused for a greater distance in order to see the 
coloured bands and dark lines; whereas when the prism is turned the 
other way, the telescope must be focused for a nearer object. For 
horizontal lines the focusing is the same, no matter which way the 
prism is turned. 


A spectrum is obtained by letting the light from an illuminated slit go 
through a prism. The transmitted light may enter the eye directly, or it may 
be sent through a telescope into the eye, or it may be focused by a lens to 
project an objective image of the spectrum. 

Any luminous body may be the source of light. The luminosity of the 
various colours, as is well known, is different for light of different sources, 
terrestrial as well as celestial; and the spectra are different both in the bright 
portions and in the dark portions. If it is desired to use the spectrum of sun- 
light for experimental work, and it is not necessary to see any but the more 
conspicuous dark lines and merely such colours as are ordinarily visible, sky- 
light reflected from a mirror or a sheet of paper illuminated by sunlight will 
be sufficient; except that in the former case the yellow and orange will be a 
little faint. One advantage of this kind of illumination is that it remains the 
same for a long time. The more prominent dark lines D, F, and G can be seen 
simply by looking with the naked eye through a flint glass prism of 50° angle 
at a slit 1 mm wide and 40 cm away..- If the observer is twice as far from the 
prism as the slit is, he will be able to discern most of the lines which Fraun- 
HOFER designated by capital letters. He must find out, however, precisely 
“a adjustment of the prism for which the eye can be accommodated for the 
ines. 

If a spectrum of greater purity is necessary, so as to see also the finer dark 
lines, or if the extreme limits of the spectrum are to be made visible, a mirror 
must be adjusted to reflect light from the parts of the sky close to the sun or 
from the sun itself through the slit on to the prism; and, as the sun moves in 
the sky, the mirror will have to be adjusted again about every three minutes 
unless it is attached to a heliostat and moved by clock-work so as to keep 
pace with the sun. 
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The slit itself, which is to be illuminated and which is the peculiar object 
for the prismatic image, may be easily cut out of a piece of opaque paper, if it 
is to be used for experiments in which 
the finer dark lines do not matter, or 
provided it is placed far enough away 
from the prism. But if a very fine 
slit has to be used, the GRAVESANDE 
slit is the best. Two straight bars ab, 
ab (Fig. 11) are screwed in a rec- 
tangular plate of brass. Between the 
ends aa a plate aacc is fastened with 
its edge cc beveled. Opposite it is the 
beveled edge dd of another plate ddee 
which can slide between the two par- 
allel bars. It is adjusted by a screw f 
with a very fine thread, which goes 
through the nut g fastened to the base. Thus the two knife-edges cc and dd can 
be nicely adjusted at a very slight distance apart, always being parallel to 
each other, if the contrivance is properly constructed. The part of the base- 
plate where the slit is formed by the knife-edges is cut away to let the light 
pass. 
The GRAVESANDE slit has to be fastened in the centre of a sufficiently 
large dark screen and the side towards the observer must be blackened. The 
screen must be big enough not to allow any luminous object to be visible 
anywhere in the vicinity of the slit, whose spectrum might extend as far as 
that of the slit. Unless there is not to be any trace of white light at all, the 
main thing usually is that the screen where the slit is shall be wnzformly dark 
rather than absolutely dark. Wherever there is any difference of illumination, 
even if it be no more than the contrast between velvet black and grey black, 
the prism shows colours; but when the surface is the same everywhere and 
evenly illuminated all over, there will, be no colours. Many such tests can be 
carried out perfectly well in a bright room, provided the slit is inserted in a 
large enough screen that is painted uniformly black. 

On the other hand, when it is necessary to get rid of every vestige of 
white light, as, for example, in the case of experiments that are intended to 
show that homogeneous light cannot be resolved any further or changed at 
all, and also in investigations of the limits of the spectrum, the screen where 
the slit is must be absolutely dark. The easiest way of accomplishing this 
is to do the work in a dark room specially designed for optical experiments 
and provided with suitable window-shades that do not allow any light to 
come through. The brass plate with the slit in it may then be inserted in an 
Opening in the shutter itself. Incidentally, it is often possible to produce the 
same conditions even in an ordinary living-room by closing the shutters and 
window-hangings and leaving just a small slit for the light to come through. 
The slit should be placed in the back of a box painted black on the inside, 
the open front side of the box being towards the spectator. The sides of the 
box will keep the lateral light from falling on the back, so that the latter will 
be very dark. Two strips of black velvet should be glued on the back of the 
box on either side of the slit, of such dimensions that when the spectrum is 
supposed to be projected backwards on the velvet it will be wholly on it. In 
this way the spectrum will be actually seen on a black or non-luminous back- 
ground. Another useful precaution consists in adjusting dark screens to 
prevent any possible illumination in different parts of the room from falling 
on the prism and telescope or on the observer’s eye. 

But an absolutely dark screen in a dark room is not enough by itself to 
prevent any visible traces of white light from disturbing the spectrum, if 
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very intense light of several colours is being transmitted through the optical 
apparatus into the eye. In the theory of the formation of prismatic images, 
as developed above, it was tacitly assumed that all the light was refracted 
regularly. But it must not be forgotten that some of the light is also reflected ; 
and a small amount of light is always diffused in all directions when light 
passes through any transparent medium, solid or liquid. 

Reflections occur, in the first place, at the base of the prism unless it is 
painted black with some suitable varnish to prevent 
this very thing. If it is a ground glass surface, it will 
usually be illuminated whenever light traverses the 
prism. In Fig. 12, suppose that dcba is the path of a ray 
through a prism, and that the eye of an observer is at a. 
He will see a reflected image of the base of the prism fe in 
the apparent position fe and if the base is illuminated, 
the image will appear bright, and thus diffused white light 
will be scattered throughout the field of view. But if the 
base of the prism is also polished, the light will be regular- 
ly reflected from it. In a prism whose section is an equi- 
lateral triangle, the observer will not only get light along 
dcba but also along the path dcebgcba after the light has 
been reflected three times at b, g and c in succession. 

Fig. 12. This light is not dispersed in colours, but is white. It 

; forms a faint white image of the slit in the field of view, 
which may be utilized for adjusting the prism in the position of minimum 
deviation. In a prism of this particular form, the white image of the slit 
coincides exactly with the colour in the spectrum for which the deviation is 
minimum. But this faint white image of the slit is usually not a serious 
matter at all so far as spectrum observations are concerned, because it takes 
up a comparatively small space in the field and is not so harmful in its effects 
as the reflected image of the base of the prism when the latter is a ground 
glass surface. On the other hand, it is possible also for light from surrounding 
objects to get to the eye through the base of the prism, and this must be care- 
fully avoided. In any case, it is best to paint the whole prism black except 
the two refracting faces. 

When the spectrum is observed with a telescope, the reflections at the 
two surfaces of each of the lenses have to be taken into account. The effect 
of these reflections is to produce tiny little regular images of objects in front 
of the telescope, but most of them are so situated that the observer cannot 
accommodate for them ; so that what they do is to make a faint white illumina- 
tion in the field. This illumination can be easily noticed by pointing a telescope 
at a dark black object surrounded by very bright ones. The field will then 
aes feebly illuminated as contrasted with the black diaphragm of the 
ocular. 

A similar defect, which is much more difficult to obviate, is the diffusion 
of the light in the body of the glass itself. On close observation any piece of 
clear glass held against a black background will appear whitish throughout 
when the sun shines on it, especially if the line of sight is in very nearly the 
same direction as the transmitted light. The same phenomenon is observed 
in the cornea and crystalline lens of the human eye (see Vol. I, pages 18, 193). 
Accordingly, we must take into account that any mass of glass traversed by 
light scatters some of it, even if it be only a small portion, and that the field of 
view contains everywhere some diffused illumination of this kind. Similarly, 
there is always a very small amount of each kind of light that comes into the 
eye spread over the entire retina. The intensity of this irregularly diffused 
light is certainly exceedingly low, as compared with that which is regularly 
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refracted or reflected. And yet it may be appreciable when faint portions of 
the spectrum are under observation. For example, this is the reason why, 
under ordinary circumstances, the extreme red corresponding to the line A 
and the ultra-violet region of the spectrum are not perceptible. It is very 
noticeable when the luminosity of individual parts of the spectrum is con- 
siderably lowered by coloured glasses, for then the hues at these places are 
decidedly altered by the faint light scattered by diffusion throughout the 
field of view. 

In experiments on the faintly luminous parts of the spectrum the only 
way to surmount these difficulties completely is not to let any light come 
through the slit and fall on the prism and telescope except light of high 
intensity of precisely the kind that is to be investigated. All other kinds of 
light must be excluded as far as possible. In certain special cases this can be 
done simply by interposing coloured filters between the source and the slit; 
for example, a piece of red glass in order to see the farthest red in the spectrum. 
A better and more general method consists in using two slits and two prisms. 
The image of the second slit is the spectrum. The only kind of light that is 
allowed to pass through this slit is the particular light that is to be investi- 
gated. A diagram of the arrangement is shown in Fig. 13. The incident ray ab 
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Fig. 13. 


falls on the mirror of the heliostat at b and is reflected through a slit in the 
screen c, which as a rule dbes not have to be very narrow. The light passes 
then through the lens d and the prism e, and arrives at the screen f. This 
screen is adjusted so that the rays that diverge from the slit c are focused on 
it and form there an image of the slit expanded into a spectrum. This first 
spectrum does not generally have to be pure. Indeed, if a somewhat extended 
region of the spectrum is to be studied, say, the ultra-violet portion, this 
original spectrum should be so impure that all the ultra-violet light falls at 
one place in it. To regulate this according to circumstances, instead of putting 
the prism e beyond the lens, it is even better to insert it in the system ahead 
of the lens. The effect of bringing the screen nearer the prism and moving 
the lens correspondingly farther from it, will be to make the spectrum shorter 
and more impure. If the screen and prism are farther apart, the spectrum will 
be longer and purer. The screen f has a fine slit in it between two GRAVESANDE 
knife-edges, which is adjusted so that the precise colour of the spectrum that. 
is to be studied is projected on it. Thus, suppose the ultra-violet light is 
under investigation; then the slit is moved so as to be close to the extreme 
edge of the visible violet, and then regularly refracted ultra-violet light, as 
intense as it occurs in sunlight, will pass through the slit, along with it also 
some little white light diffusely scattered from the glass prism and lens or 
reflected several times from their surfaces. This latter light is certainly far 
more feeble than the other, but yet it is intense enough to cover completely 
the ultra-violet on the screen f. Having passed through the second slit, the 
light falls now on a second prism g, and then enters the eye directly or after 
traversing a telescope; unless one prefers to substitute a lens for the telescope 
and project an objective image of the spectrum on a screen placed in the focal 
plane of the lens. As some white light after all has come through the slit f, 
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a complete spectrum is produced here also, but it is very faint everywhere 
except in the ultra-violet region or whatever portion of the spectrum was 
focused on the second slit. Some light will be irregularly scattered in the 
second prism g, in the lenses that compose the telescope h, and in the ocular 
media of the observer’s eye 0; but all the other light except the ultra-violet 
is by this time too faint for its small scattered portions to be still perceptible. 
As a matter of fact, with this arrangement, it is possible to see the spectrum 
even in a telescope projected on a completely dark black background, so 
black that it cannot be distinguished from the blackness of the ocular stop, 
the edge of the latter not being visible except where it crosses the spectrum. 
Not until this deep blackness of the background has been obtained, can one 
be certain that it is pure monochromatic light that is seen. Under these 
circumstances, the ultra-violet light of sunlight also becomes directly visible 
to the eye; and it is only by such precautions that the unchangeableness of 
the colour of homogeneous light can be successfully demonstrated when it 
is filtered through a coloured glass. As long as there is still a small amount of 
diffused white light mixed in the spectrum, coloured filters, that absorb 
largely the particular kind of light in question, apparently also change their 
hue. Blue cobalt glass, for example, absorbs spectrum yellow almost entirely, 
but allows the blue rays of the diffused white light to pass unaffected, and 
this latter light, getting mixed with the faint yellow that is not absorbed, 
produces a white or bluish white compound colour in place of the yellow. 
However, this compound colour is not due, as BREwsTER supposed, to light 
of a single degree of refrangibility, because it can be resolved again by another 
prism into light of different colours and different refrangibilities. On the other 
hand, if the experiment is performed again with a spectrum that is completely 
purified of diffused light, the homogeneous yellow is found to remain pure 
yellow after passing through the blue glass, no matter how faint it is. From 
these experiments and similar ones we are not justified, therefore, in inferring, 
as Brewster has done, that light of definite refrangibility and wave-length 
may be still further decomposed into three different kinds of light whose 
colours are merely mixed in different proportions in different parts of the 
spectrum, and might be separated from each other by absorption by coloured 
media. The experiments on which he bases this conclusion depend partly 
on the circumstance above mentioned, partly too on contrast actions, and 
lastly on the fact that the hue is a function of the intensity of the light, as has 
been previously stated.1 

By the method just described, as represented in the diagram (Fig. 13), 
the ultra-violet spectrum in its entire length can be made directly visible to 
the eye, without having to use any fluorescent substance; but for the farthest 
ultra-violet the prisms and lenses should all be made of rock crystal (quartz), 
and not of glass, because the latter absorbs to a considerable extent the more 
extreme ultra-violet radiations of the solar spectrum. But with quartz 
apparatus, the unusually large number of dark lines that occur in this part of 
the spectrum can be very distinctly seen. The author supposed the luminosity 
of the ultra-violet spectrum as seen in the telescope could be increased by 
inserting in the ocular stop a thin layer of quinine solution between two 
quartz plates. The spectrum in this case is projected right on the quinine 
surface causing it to fluoresce. The image as viewed through the ocular is 
similar to that which is seen without the quinine preparation, except that 
it does not consist of ultra-violet light but of pale blue light of medium re- 
frangibility. But, contrary to expectation, the luminosity of this image in 
the actual.experiment was no greater than that of the directly viewed ultra- 


1 Hevmuourz tiber D. Brewsrers neue Analyse des Sonnenspektrums. Poga. Ann., 
LXXXVI, 501. — Brernarp, Ann. de Chim. XXXV, 385-438. 
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violet image, but almost the same and rather less, and, owing to the thickness 
of the film of quinine, the dark lines were more indistinct. The reason of 
this is because, although the cone of light that enters the instrument through 
the object-glass is a small one, practically all this light comes to the eye and 
illuminates the retina, provided the film of quinine is not present. But when 
the ultra-violet light falls on the quinine solution, it is scattered there in all 
directions in space, and only a very small part of the light that comes from 
the quinine gets to the observer’s eye; and hence, in spite of the greater 
luminosity of the fluorescent light, the retina itself is not so highly illuminated. 
This experience is the basis of the estimate given above as to the ratio between 
the luminosity of the original ultra-violet light and that of the fluorescent 
light produced when it falls on quinine. 

Let a denote the aperture of the object-glass or of the prism in front of it, 
if it is the latter that determines the cone of rays; and let r denote the distance 
‘of the image. With the position of the image as centre, describe a sphere of 
radius r. Supposing that the ultra-violet light is propagated without any 
interference, the portion of this spherical surface that is illuminated will be 
an area not greater than a. But if the image were projected on quinine, the 
entire spherical surface of area 4rr* would be uniformly illuminated. Thus, 
the light in the first case is more concentrated than in the latter case in the 


j 4ar® ; Aa ae ‘ 
ratio of oe ; and if an eye, whose pupil is completely inside the region of 


radiation for both kinds of light, sees both equally bright, then, for the same 
manner of distribution, the fluorescent light must*be brighter in the ratio 
above mentioned. In the author’s experiment, the value of this fraction, 
after making the necessary corrections, was 1200. Hence, ultra-violet light 
received on a quinine screen must appear about 1200 times brighter than it 
does when it falls on a smooth white surface of porcelain that does not 
fluoresce. 

Fluorescence of highly fluorescing substances may be easily observed and 
detected in any spectrum. However, when it is a question of perceiving the 
weakest sort of fluorescence, for example, that of the retina, the apparatus 
represented in Fig. 12 may be employed with the following modifications. 
The first spectrum is made very impure by removing the first slit at c alto- 
gether and moving the prism e near the screen f. The slit in this screen is 
opened wide; and adjusted on the edge of the violet. The object-glass is the 
only part of the telescope that is used here. The substances to be tested are 
placed at the focus of this lens where the ultra-violet light is most concen- 
trated, and where there is no white light. There is scarcely any material 
that will not show signs of fluorescence under these circumstances. As the 
unchanged ultra-violet light may also still be visible in these experiments, 
the substance under investigation should be examined through a yellow or 
green glass (uranium glass is best), that absorbs ultra-violet, or through a 
thin prism that separates ultra-violet from the colours of medium refrangibil- 
ity. The fluorescence of the cornea and crystalline lens of the eye is easy to 
demonstrate by focusing ultra-violet light on the eye of a living person. The 
crystalline lens is so illuminated in this way that its position right behind 
the iris and its form can be much better distinguished than by illumination 
with ordinary light (Vol. I, p. 18). Of course, a large amount of bluish white 
light is uniformly scattered by the fluorescent lens over the entire background 
of the eye. When, on the other hand, an ultra-violet spectrum is viewed by 
the eye, it shows up very fine and distinct. It must not be inferred from this 
that the fluorescence of the lens is what makes ultra-violet light visible to the 
eye. Fluorescent light would never produce a well defined image on the retina. 

The infra-red region is studied in the same way as the ultra-violet. 
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The methods of measuring wave-lengths of light are described in treatises 
on physical optics and do not belong here. j . 

Previous to the time of NewrTon, the theory of colour consisted chiefly of 
vague hypotheses. The intensity of the coloured light that was derived from 
the total white light being always necessarily less than that of the whole, the 
old-fashioned idea was that this decrease of intensity was an essential thing 
about colour, and ArisToT.e’s opinion that colour is a mixture of white and 
black had many adherents. He himself was undecided whether this mingling 
of white and black was to be considered as a real blending or more as an 
atomic superposition or juxtaposition. He supposed that darkness must be 
due to reflection from bodies, because every time light is reflected, it gets 
fainter. This was the prevalent view until the beginning of more modern 
times, as can be seen, for instance, in the doctrines of Maurotycus, Jou. 
FLEISCHER, DE Dominis, Funx, Nucuet (see GorTue’s history of the theory 
of colour). And in very recent times GorTHE has tried to uphold it again 
in his Farbenlehre. This theory of colour does not pretend to give an explana- 
tion of colour phenomena in the physical sense—considered in that way, 
GoETHE’s propositions would be void of any meaning; but all that he tries 
to do is to formulate in a general way the conditions of the production of 
colours. Colours must be manifested distinctly in some original phenom- 
enon (‘“‘Urphinomen’”’). He considers the colours of cloudy media as being 
this original phenomenon. Many media of this sort give a red colour to light 
that passes through them, whereas the incident light as seen against a dark 
background looks blue. Thus, although GorrueE follows ArIstoTLE’s view 
in general, and supposes that light is darkened or has to be mixed with dark- 
ness to produce colours, he imagines that in the phenomena of cloudy media 
he has discovered the special kind of darkening that produces, not what we 
call grey, but colours as usually understood. What change occurs in the light 
itself under these circumstances, he never does explain. He does, perhaps, say 
that the cloudy medium gives the light something corporeal, shadowy, which 
is necessary for the production of colour. But what he means by it, he does 
not explain more precisely. He cannot possibly suppose that something cor- 
poreal escapes from bodies along with the light they emit; and yet as a physical 
explanation scarcely any other meaning can be attached to it. 

Moreover, in GortTHr’s way of looking at the matter, all transparent 
bodies are a little cloudy; and this is true of a prism too. Thus, he assumes 
that the prism communicates something of its cloudiness to the image which 
the spectator beholds. Apparently, what he means by this is that the image 
in a prism is never quite sharp, but is confused and indistinct; for in his 
theory of colour he classifies such images with the secondary images produced 
by plane parallel glass plates and crystals of Iceland spar. The image made 
by a prism certainly is confused in heterogeneous light, but it is perfectly 
sharp in homogeneous light; but this is something that apparently GorTHE 
never did see, as he disdained to consider at all the array of arguments that 
prove this fact. When a bright surface on a dark background is viewed 
through a prism, his idea is that the image is shifted and clouded by the prism. 
The anterior edge of the bright area is shifted over the dark background, and 
being a bright cloud over darkness, looks blue. But the other edge of the 
bright area, being overlapped by the cloudy image of the black background 
that succeeds it, is a bright thing behind a dark cloud, and is therefore yellow- 
red. Why the anterior edge appears in front of the background and the other 
edge behind it, and not the other way, he does not explain. This presentation 
of the matter is likewise absolutely meaningless if it is intended to be a physical 
explanation. For the prism image, as thus seen, is a potential one and is 
therefore simply the geometrical place where the rays of light that come to the 
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spectator would intersect if they were prolonged backwards; and hence this 
image cannot have the physical effects of an image seen through a cloudy 
medium. These representations of GorTHe’s are therefore not to be regarded 
as physical explanations at all, but merely as figurative illustrations of the 
process. In his scientific work he does not attempt anyhow to go beyond the 
domain of sensory perception. But every physical explanation must be in 
terms of the forces that come into play, and these forces, of course, can 
never be the object of sensory perception, but are simply concepts of the mind. 

The experiments which GorTue uses to support his theory of colour are 
accurately observed and vividly described. There is no dispute as to their 
validity. The crucial experiments with as homogeneous light as possible, 
which are the basis of NrwrTon’s theory, he seems never to have repeated 
or to have seen. The reason of his exceedingly violent diatribe against New- 
TON! was more because the fundamental hypotheses in Newron’s theory 
seemed absurd to him, than because he had anything cogent to urge against 
his experiments or conclusions. But Newron’s assumption that white light 
was composed of light of many colours seemed so absurd to GorTue, because 
he looked at it from his artistic standpoint which compelled him to seek all 
beauty and truth in direct terms of sensory perception. The physiology of 
the sense-perceptions was at that time still undeveloped. The complexity of 
white light, which Newron maintained, was the first decisive empirical step 
in the direction of recognizing the merely subjective significance of the sense- 
perceptions. Gorrun’s presentiment was, therefore, correct when he violently 
opposed this first advance that threatened to ruin the “fair glory’’ (schénen 
Schein’’) of the sense-perceptions. 

The great sensation produced in Germany by Gortun’s Farbenlehre 
was partly due to the fact that most people, not being accustomed to the 
accuracy of scientific investigations, are naturally more disposed to follow a 
clear, artistic presentation of the subject than mathematical and physical 
abstractions. Moreover, Hmee.’s natural philosophy used GorTHr’s theory 
of colour for its purposes. Like GorTHr, Hrcaret wanted to see in natural 
phenomena the direct expression of certain ideas or of certain steps of logical 
thought. This is the explanation of his affinity with Gonrus and of his chief 
opposition to theoretical physics. 

In developing the theory of the rainbow, Duscarres advanced a new 
hypothesis, by assuming that the particles of which light is composed not 
only had a rectilinear motion but also rotated about their axes, and that the 
resultant colour was due to the velocity of rotation. Moreover, the action 
of transparent bodies may change the rotation and along with it the colour 
also. Similar mechanical conceptions were formulated by Hooxr and DE 
tA Hire. The latter assumed that the colours were dependent on the force 
of the impact of the light on the optic nerve. 

Finally, Newron? proved the heterogeneous nature of white light. He 
isolated homogeneous light from it, and showed that this latter light was 
coloured. This colour was characteristic homogeneous light, and could not 
be altered any more by absorption and refraction. He found that light of 
different colours had different refrangibilities; and that the colours of natural 
bodies were due to peculiarities of absorption and reflection. Incidentally, 
he explained the colour of the rays of light as being entirely the result of their 


19In Gortux’s work not only were NewrTon’s theories misstated and derided, but 
Newton himself was heaped with abuse, and accused of being no better than a mere 
charlatan—‘this Cossack Hetman,” as GorTHE calls him. At the same time Gorrae, in 
spite of his absurdities, performed a real service, as Hxtmuoutz says. (J. P. C.8.) 

2 ¢Newron’s original prism experiments on the decomposition of sunlight were carried 
out at Trinity College in Cambridge in 1666. (J. P. C. 8. ) 
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action on the retina. The rays themselves were not red, but they produced 
the sensation of red. He leaned towards the emission (corpuscular) theory of 
light; but he advanced no hypotheses as to the physical differences between 
homogeneous kinds of light of different colours. 

About the same time, in 1690, Huyerns proposed the hypothesis that 
light consisted in undulations of a delicate elastic medium. EuLER showed how 
Newron’s discoveries could-be explained on this basis, and deduced the 
result that the simple colours in the spectrum were the effects of light of 
different frequencies of vibration. As a matter of fact, however, his first 
assumption was that the red vibrations were the faster ones, but subsequently 
he discovered the mistake. Harriny correctly supported this view in explain- 
ing the colours of thin plates. But a crucial test could not be made until the 
principle of interference had been discovered by Youne and FRESNEL; and 
it was this discovery also that led first to a general acceptance of the undula- 
tory theory. 

Newron’s inference that the colours of the rays depended on the re- 
frangibility, and that light of given refrangibility was homogeneous in all 
other ways and invariable in colour, was opposed by Brewster. He thought 
he had found that homogeneous light could change colour in traversing a 
coloured medium, and that in this way it might be possible to get white light 
from homogeneous light. He was led thus to infer that there were three 
different kinds of light, corresponding to the three so-called fundamental 
colours, red, yellow and blue, and that each of these kinds of light gave rays 
of every degree of refrangibility within the range of the spectrum, in such 
fashion, however, that red light predominates at the red end, yellow light in 
the middle, and blue light at the blue end. His idea was that light of given 
refrangibility would be absorbed by media of various colours to different 
extents, and that the colours would be separated in this way. BrrewsTER’s 
views were opposed by Atry, Draper, Metioni, Hetmuyourz and F. Brr- 
NARD. Outside of some cases in which, owing to contrast effects with adjacent 
vivid colours, the hue appeared to be different after the light had been greatly 
reduced in intensity by being filtered through coloured glasses, and some 
other cases in which the above mentioned variation of colour was connected 
with the intensity of light, most of BRrEwsTmErR’s observations were probably 
due to the circumstance, to which attention has already been called, that small 
quantities of white light were diffused over the field of view as a result of 
repeated reflections at the various surfaces or of scattered reflection inside the 
prism substance and in the ocular media. 

The comparison between the spectrum colours and musical notes was 
suggested first by Newron. But the comparison he made was between the 
widths of the coloured areas in the spectrum of glass prisms and the musical 
intervals of the Pythagorean scale. LamBrrt pointed out long ago that this 
division was largely arbitrary, because there were no fixed limits to the 
spectrum; and that it does happen to be similar to the musical scale in one 
respect, inasmuch as the quantitative relations in the distribution of the 
colours in the spectrum are concerned not so much with the sum of the 
widths of the coloured bands themselves as with the sum of the ratios of these 
intervals. Dr Marran was of the same opinion. Meantime, however, Father 
CasrTeEt tried to make this analogy the basis of a colour-piano, intended to pro- 
duce pleasing effects by a certain play of colours similar to the effects of music. 
Harriey endeavoured to show that differences of colour were due to vibra- 
tions of different amplitudes which enabled him to make a more direct compar- 
ison with the vibration-numbers of musical notes. This was what Youna had 
in mind when he said that the entire range of the spectrum as then known was 
equal to a major sixth, and that red, green and blue correspond about in the 
ratios of 8:7:6. More recently, thanks especially to FRAUNHOFER’s meas- 
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urements, the values of the wave-lengths of light of different colours have 
been ascertained, and, with the aid of these data, Drosiscu has tried again 
to find a connection between the colour scale and the musical scale. Like 
Newton, he compared the width of the colours with the intervals of the so- 
called Pythagorean scale: 1: $:$:4:2:%:148:2. But since the width 
of the ordinary visible spectrum, as measured by FraunHorer, is less than 
an octave, he raised each of those ratios to a certain power, which had the 
value 3 at first, afterwards $. In this way he got the following table, in 
which the wave-lengths are given in millionths of a millimetre: 


688 .1 

Red Line B=687.8 
622.0 C=655.6 

Orange D=588 .8 
588 .6 

Yellow 
Geshe Ze 

Green H=526,5 
486.1 

Blue F=485.6 
446.2 

Indigo G=429.6 
420.1 

Violet H=396.3 
379.8 


In this scheme the boundaries between the colours themselves agree 
fairly well with the natural ones. Possibly, it might be better to use the 
major third instead of the minor third, that is, to make the whole comparison 
on the bas‘s of the major scale, as Drosiscu himself suggested. Then the 
border between orange and yellow instead of being at D in the golden yellow, 
as in the above arrangement, would fall nearer the pure yellow. Even so, it 
must not be forgotten that any comparison between sound waves and light 
waves ceases to have any sense at all as soon as the numerical values of the 
musical intervals are modified entirely by the process of raising them all to a 
certain fractional power. Moreover, the spectrum is broken off arbitrarily 
at both ends, because, as a matter of fact, the faint terminal colours of the 
spectrum extend much farther on both sides. And, finally Newron’s division 
into seven principal colours was perfectly arbitrary from the beginning and 
deliberately founded on the musical analogies. Golden yellow has just as 
much right to a place between yellow and orange as indigo has between blue 
and violet; and the same is true with respect to yellow-green and blue-green. 
Indeed, there are no real boundaries between the colours of the spectrum. 
These divisions are more or less capricious and largely the result of a mere love 
of calling things by names. In the author’s opinion, therefore, this comparison 
between music and colour must be abandoned. 

Lastly, quite recently Uncrr has endeavoured to establish a theory of 
aesthetic colour harmony by an analogy between the wave-length ratios and 
the musical intervals. In his actual statements about harmony of colours there 
seems to be a good deal of truth, in large measure borrowed correctly from 
works of art; but the theory itself, the analogy with the musical ratios, is 
rather far-fetched. On his chromo-harmonic disc he has assembled a lot of 
hues intended to correspond to the 12 semi-tones of the octave, but for this 
purpose he has inserted purple reds between violet and red, although the 
purples do not exist as simple colours. He makes the FRAUNHOFER lines G, 
H, A fall in these purple hues, whereas G and H are the borders of the violet, 
and A belongs to pure red. The simple colours that lie beyond violet are, as 
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a matter of fact, blue and not purple-red. The most perfect harmony should 
correspond to the major chord. This will give on his disc, for example, the 
composition of red, green and violet that is so common in the work of Italian 
painters. But if green is taken as major third, the correct major chord would be 
red, green, and indigo blue. The ancient painters did not have any good red 
pigment. They used minium (red lead), which is an orange colour, for red, 
and made the chord consisting of orange, green blue and reddish violet. The 
effect of the minor chords is milder and sadder, and that of the diminished and 
augmented triads is piquant and not so pure artistically. The writer’s belief 
is that some other basis must be sought for the correct explanation of the 
colour effects described by Uncrr, instead of forced musical analogies. In 
fact, the saturated colours do constitute a recurrent series, provided the gap 
between the ends of the spectrum is filled in by the purple hues; and it seems 
to be agreeable to the eye when three colours are presented to it that are about 
equally far apart in the series. The celebrated composition of the Italian 
painters alluded to above, namely, red, green and violet, which does not 
correspond to any correct major chord, does indeed correspond to YouNG’s 
three fundamental colours, and it may be that this is the explanation of the 
aesthetic effect in this case. Other colours, chosen at correct distances apart, 
produce a similarly satisfying impression. If two of them come too near 
together, the impression is less pure. This is probably the significance of 
UncEr’s observations. At any rate, it is clear that in the so-called colour 
harmony no such absolutely definite relations are to be expected as are 
characteristic of the musical intervals. 
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§20. The Compound Colours 


We have seen that homogeneous light of different refrangibilities 
and frequencies produces sensations of different colours in the organ of 
vision. Now when one and the same place on the retina is stimulated 
at the same time by light of two or more different vibration-frequencies, 
new kinds of colour sensations are produced which, generally speaking, 
are different from those of the simple colours of the spectrum. A 
peculiarity of these sensations is that it is not possible to recognize the 
simple colours that are contained in the mixture. The fact is that 
generally the sensation of any given compound colour may be produced 
by several different combinations of spectral colours, without its being 
possible for the most practised eye to tell by itself what simple colours 
are concealed in the compound light. In this respect, there is a funda- 
mental difference between the eye in its reaction to the aether vibra- 
tions and the ear, which responds to sound-waves of different pitch by 
combining the separate notes, it is true, in a compound sensation of a 
chord, and yet is able to detect separately each single note in it. Thus, 
two chords consisting of different musical notes never do appear 


identical to the ear, as different aggregates of compound colours may 
be for the eye. 
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All this applies to the immediate sensory perception, and is not 
invalidated at all by the fact that an act of judgment sometimes enables 
us to recognize the composition correctly, at least as to its main 
features. Anybody who has had some experience with the effect of mix- 
ing coloured light may occasionally fancy that he really does see the 
simple colours that are contained in a compound colour, and may judge 
whether there is more of one colour in it than of another. But in this 
case an act of judgment based on experience is confused with an act of 
sensation. For instance, looking at purple, one may know that it is 
predominantly red and violet and about in’what proportion the two 
are mixed. But nobody can tell whether there are also subordinate 
quantities of orange and blue in it. Were it a matter of sensation, and 
not simply a question of judgment based on experience, the latter 
could be detected just as well as the former. The sensation of white 
can be produced by the greatest variety of combinations; but nobody 
can make out what simple colours are in it, whether two or three or 
four, and which ones in particular. Green shows how easy it is to be 
deceived here. Even persons like GorTHr and Brewster, misled by 
the mixture of pigments, have insisted that they could see both yellow 
and blue in green, although, as a matter of fact, we know now that 
green cannot be produced at all from these colours, unless modifications 
of them are employed that already have some green in them. 

The most curious illusion is when two simple colours are seen in the 
same place at the same time, the surface being illuminated simul- 
taneously by two different colours, one of which predominates at 
certain places and the other at other places; especially if one of them 
covers the whole background while the other is in the form of a regular 
figure upon it. When the figures or spots can be made to change their 
position, the illusion is even more perfect. In a case of this kind we 
often imagine we see the two colours simultaneously at the same place, 
one through the other, as it were. The effect is very much as if objects 
were seen through a coloured veil or mirrored in a coloured surface. 
We have learned by experience, even under such circumstances, to 
form a correct judgment of the true colour of the object, and this 
distinction between the colour of the background and that of the 
light that is irregularly distributed over it is taken into consideration 
in all similar cases. To get the sensation of the mixture of colours 
without any disturbing element, the light must be evenly mixed over 
the entire field where it is displayed. 

Under special circumstances, for example, when two colours that 
are far apart in the spectrum have sharply defined positions in the 
field of view, the marginal colours may be recognized as separate by 
virtue of the chromatic aberration of the eye (see Vol. I, p. 174). This 
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does not amount to any real contradiction of the fact above stated, 
because in this case the eye itself acts like a prism and causes light of 
different colours to fall at different parts of the retina. 

The following are the methods of mixing light of different colours 
and of testing the action of compound light in the eye: 

1. Two different spectra may be superposed, or different parts of 
the same spectrum; whereby combinations of pairs of simple colours 
are obtained. 

2. Two coloured surfaces may be adjusted symmetrically with 
respect to a transparent plate of glass. Rays from one of them traverse 
the glass obliquely and enter the eye, while rays from the other are re- 
flected into the eye from the side of the plate next the eye. Thus the ob- 
server gets light of both colours simultaneously at the same part of the 
retina of his eye. This method is particularly convenient for mixing 
the colours of natural bodies. 

3. Discs with sectors of different colours can be rotated rapidly 
on the colour-top. When the rotation is fast enough, the impressions 
made on the retina by the different colours blend into the sensation 
of a single compound or mixed colour. 

All three methods are equivalent, so far as mixing the colours is | 
concerned. However, the actual process will be described more in 
detail below. The method of mixing powdered or liquid pigments must 
not be employed for this purpose, although NewTon and many other 
physicists have supposed that it was equivalent to the first method, 
that is, the method of mixing the colours of the spectrum. For the 
mixed pigment does not give at all a colour that would be the resultant 
of mixing the two kinds of lights that are reflected separately from 
each of the ingredients.! 

To make this clear, consider first the mixture of coloured liquids. 
When light passes through them, some of the coloured rays of the white 
light become so spent after they have gone a short way in the liquid 
that they vanish entirely, while others can traverse longer paths in the 
liquid without being appreciably enfeebled. These latter rays pre- 
dominate in the emergent light, which has therefore the colour of the 
rays that are least absorbed by the liquid. The absorption of certain 
colours of the spectrum can be easily demonstrated by sending the 
light through a prism after it has traversed a coloured liquid or glass. 
In the spectrum thus obtained a series of colours will be missing; or 


1 “The failure to recognize the fact, first made plain by Hetmnozz, that mixtures of 
pigments are not the same thing as mixture of colour (the former are a phenomenon of sub- 
traction and not of addition) was the cause of much confusion and error’— CHRISTINE 
Lapp-FRaNKLIN in article on “Vision” in Baupwin’s Dictionary of Philosophy and Psy- 
chology. (J. P. C.8.) 
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these colours will be faint, while the parts of the spectrum correspond- 
ing to the colour of the liquid will be bright as usual. 

Now suppose two coloured liquids are mixed together without any 
chemical action taking place, so that each of them has the same power 
of absorption for light as before. Then no rays will go through the 
mixture except those which are not absorbed by either of the two 
ingredients. Ordinarily, the rays which pass will be those that cor- 
respond to the portion of the spectrum that is midway between the 
colours of the two liquids before they were mixed. Most blue sub- 
stances, like the cupric salts, for example, let the blue rays through un- 
impaired, and the green and violet also to a less extent, but they absorb 
most of the red and yellow. Yellow liquids, on the other hand, let al- 
most all the yellow light through without loss, and some red and green 
also, but intercept most of the blue and violet. When, therefore, a 
yellow liquid and a blue liquid, like those mentioned, are mixed, on the 
whole it is green light that is transmitted, because the blue liquid ab- 
sorbs red and yellow, and the yellow liquid absorbs blue and violet. 
The effect is similar to that obtained by sending the light in succession 
through two plates of glass of different colours. In such a case the 
emergent light is always weaker than it would be if it had passed 
through two plates of the same colour. But it is obvious that what 
takes place here is not a summation of the light which is allowed to go 
through each liquid separately, but, on the contrary, a kind of sub- 
traction, since the yellow liquid takes away from the rays that have 
traversed the blue liquid those rays which it absorbs itself. As a rule, 
therefore, mixtures of coloured liquids are much darker, than either 
one of the liquids by itself. 

The behaviour of powdered pigments is quite similar. Each 
individual particle of the coloured powder must be regarded asa 
tiny little transparent body which colours the light by absorbing 
some of it. It is true that the powdered pigment as a whole is exceed- 
ingly opaque. But whenever we examine pigments in coherent masses 
of uniformly thick structure, we find that at any rate in the form 
of thin sheets they are transparent. Crystallized vermilion, verdi- 
gris, lead chromate, blue cobalt glass, etc., which are used as pig- 
ments in form of fine powders, are some examples. 

Now when light falls on a powder of this kind made up of trans- 
parent parts, a certain portion of it will be reflected from the outer 
layer, but most of it will not be reflected until it has penetrated into 
the interior to some extent. A single plate of white glass reflects four 
percent of the light incident normally on it, while two such plates 
reflects nearly twice as much; and a large pile of plates reflects almost 
all the light. Consequently, when the glass is pulverized, we must 
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suppose that only four percent of the light that falls perpendicularly 
on it is reflected from the first layer, and that all the rest is reflected 
from the interior layers. The same thing must happen when blue light 
falls on blue glass. Accordingly, only a very small fraction of the light 
that comes from a coloured powder is reflected from the top layers; by 
far the greatest part of it being reflected from the deeper layers. In non- 
metallic reflection, the light that is reflected from the outside surface is 
white, but that which comes from the interior begins to be coloured 
by absorption; the farther the light penetrates, the deeper being the 
colour. This is why a coarser powder is darker in colour than a finer 
one of the same substance. So far as reflection is concerned, it is 
simply a question of the number of facets involved, and net a question 
of the thickness of the particles. The larger the latter, the farther the 
light has to go inside the material, before meeting the same number of 
facets as when the particles are smaller. Therefore, in a coarse powder 
the absorption of light is higher than it is in a fine powder of the same 
material. The colour of the coarse powder is darker and more saturated. 
When the powder contains some liquid to make it cohere, the index of 
refraction of the liquid being nearer that of the particles than that of 
air, the internal reflection of light is thereby diminished. And so dry 
pigment powders are usually paler than when they are mixed with 
water or with oil, which has a still higher index of refraction. 

Now if a uniform mixture of two coloured powders merely reflected 
light from its outer surface, this light would really be the sum of the 
two kinds of light obtained from each powder separately. But, as a 
matter of fact, most of the light is reflected back from the interior, 
and the behaviour is just like that of a mixture of coloured liquids or of 
a series of coloured glasses. This light has had to pass on its way 
particles of both sorts, and so it contains merely such rays 
as were able to get through both elements. Thus, most of the light 
reflected from a mixture of coloured powders is due, not to an addition 
of both colours, but to a subtraction in the sense explained above. 
This is the reason too why mixtures of pigments are much darker 

than the separate ingredients, especially if the colours 
‘ of the latter are far apart. Vermilion and ultra- 
Dy marine, for instance, make a dark grey with scarce- 
oT ly a trace of violet, although that is the compound 
colour of red and blue light. The reason is that one 
pigment almost completely absorbs the rays that the 
other lets pass. A convenient way of exhibiting the 
distinction here is to paint the sectors a and b (Fig. 14) 
on the edge of a colour-dise in two different colours, while the central 
portion c is painted with a mixture of the two pigments. Thus, if the 
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Fig. 14. 
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sectors are cobalt-blue and chrome-yellow, the appearance is pale grey 
when the disc is rotated so as to get the impression of both colours at 
once; but the mixture of the two pigments in the centre is a much 
darker green. 

Evidently, therefore, the result of mixing pigments cannot be used 
to deduce conclusions as to the effect of combining different kinds of 
light. The statement that yellow and blue make green is perfectly 
correct in speaking of the mixture of pigments; but it is not true at all 
as applied to the mixture of these lights. 

“Colour mixture” and “mixed colour” are terms that are employed 
with reference to mixing pigments; but we shall continue to use them 
here in speaking of the composition of coloured light, although it is 
not really correct. However, let us say here once for all, that these 
terms are not used in this book to mean the mixture of pigments and 
the result of such a mixture; unless the contrary is expressly stated.! 

The simultaneous action of different simple colours at the same 
place on the retina produces a new series of colour sensations that are 
not excited by the simple colours of the spectrum by themselves. These 
new sensations are those of purple and white, together with the transi- 
tions of white into the spectrum colours on the one hand and into purple 
on the other hand.’ 

Purple-red results from mixing the simple colours at the two ends of 
the spectrum. It is most saturated when violet and red are mixed; 
and is paler or pink-red when blue and orange are used instead of violet 
and red. Purple-red passes through carmine-red into the red of the 
spectrum, and is distinctly different from red and violet at the extreme 
ends of what is ordinarily meant by the visible spectrum. For the eye, 
however, it is a transition between the two with continuous inter- 
mediate gradations. It forms the link that closes the chain of saturated 
colours, that is, the colours that are least like white. 

White can be produced by combining different pairs of simple 
colours. Colours which combined in a definite ratio make white are 

1 9Mrs. FRANKLIN insists that the term mixture should be used for the physical pro- 
cedure only. The various different psychological effects of light-ray mixtures may then be 
referred to as: (1) colour-blends when the elements of the mixture are still perceptible in 
the result, as blue and green in the blue-greens or peacocks; (2) colour-fusions (or colour- 
extinctions) when the elements of the colour have disappeared in the process of mixing, as 
red and green in making yellow, and yellow and blue in making white.” — Art. on “Vision”’ 
in Batpwin’s Dictionary of Philosophy and Psychology. (J. P. C. 8.) 

2 ¥‘“We have in the purples an example of a sensation which must be a blend of several 
sensations, for there is no physical cause for their production except the combination of 
the causes of blue and red; we therefore know the character of a colour-blend, and we know 
that white and yellow are sensations wholly destitute of this character.”— CHRISTINE 
Lapp-FRANKLIN in article on “Vision” in BALDWwin’s Dictionary of Philosophy and Psy- 
chology. (J. P. C. 8.) 
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said to be complementary. The complementary colours of the spectrum 
are: 

Red and greenish blue; 

Orange and cyan-blue; 

Yellow and indigo-blue; 

Greenish yellow and violet. 
There is no simple colour that is complementary to the green of the 
spectrum. The complementary colour to green is a compound colour, 
namely, purple. 

In order to discover whether there are any regular connections 
between the wave-lengths of the simple complementary colours, the 
writer has measured these magnitudes for various pairs of comple- 
mentary colours, the values (in millionths of a millimetre!) being 
exhibited in the following table. 


Wave- Complementary Wave- Ratio of the 
Colour Length Colour Length Wave-Lengths 
Redttey tacos ste rectens ae 656.2 Green-blue....... 492.1 1.334 
Orange Sti. fn Oe ioe 607.7 Blueavcnnne tee 489.7 1.240 
Golden yellow.......... 585.3 Blues. awsome: 485.4 1.206 
Golden yellow.......... 573.9 Bluetec ae 482.1 1.190 
Yellows sass trate 567.1 Indigo-blue...... 464.5 1.221 
Yellow inte Wes aes 564.4 Indigo-blue...... 461.8 1.222 
Green-yellow............ 563.6 ViOlObrsitecarns Bas from433 on 1.301 


On account of the low luminosity in the violet, the extreme rays from 
wave-length 433 must all be included together. 


PCE The results are plotted in 
am 


: Fig. 15, with reference to a pair 
Indigo-blue 
Cyan-blue| | HH 4 
@ 


of rectangular axes, which in- 
oe aae 


dicate the wave-lengths of 
the colours in the spectrum 
from 400 to 700. The curve, 
therefore, shows the wave- 
length of the complementary 
colour as a function of that of 
each of the simple colours. 
The names of the colours are 
inserted along the two axes at 
3 the proper places. The values 

actually measured are indi- 

cated by the points marked on 
Fig. 15. the curve. This curve, com- 
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1 In the first edition the unit used was the Paris inch. In the second edition the numbers 
were given in terms of the millimetre, and the adjoining figure changed accordingly.—N. 
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posed of two branches, shows a striking irregularity in the distribution 
of the complementary colours in the spectrum. Proceeding along the 
horizontal axis from the violet to the red, we see that the wave-length 
of the complementary colour changes at first very gradually, as shown 
by the almost horizontal procedure of the curve. But when we reach the 
greenish blue colours, the curve suddenly turns downwards almost verti- 
cally, and the wave-lengths of the complementary colours change very 
rapidly. The same thing happens in the yellow; and then in the red the 
change is again very gradual. Thisis connected with the fact, mentioned 
in the preceding chapter, that at the ends of the spectrum the hue 
changes exceedingly slowly as compared with the wave-length, whereas 
it changes very fast in the middle of the spectrum. The result is that 
there is no simple or constant connection between the wave-lengths of 
the pairs of complementary colours. To use the musical notation, it 
varies between that of the fourth (1.33) and that of the minor third 
(7.20). 

Incidentally it may be added that the intensities of the light of 
two complementary simple colours, that are together just equivalent 
to white, do not by any means appear always equally bright to the eye. 
The only case where we have to take quantities of the two colours that 
appear to the eye to be about equal is when we mix cyan-blue and 
orange. But violet, indigo-blue and red all appear to be darker than 
the complementary amounts of greenish yellow, yellow and greenish 
blue, respectively. It will be shown in the next chapter that when 
proportional amounts of light of two different colours appear to the 
eye to have the same luminosity, the absolute luminosity is in fact very 
different; and, consequently, no definite figures are available for the 
relative luminosity of complementary amounts of two different colours. 

The colours of the spectrum, therefore, have different colour-values 
in mixtures, and are, so to speak, colours of different degrees of satura- 
tion. The most saturated is violet, and the order of the others is about 
as follows: 

Violet 
Indigo-blue 
Red Cyan-blue 

Orange Green 
Yellow 


Note by W. NaGEu. 


We have now some more recent determinations of pairs of complementary 
colours by other observers. Their discrepancies with each other and with 
HetmuHo.tz’s data are perhaps not to be attributed to errors of observation 
so much as to individual peculiarities of the colour system. Some of these 
measurements were noted by HeLmuHourz in the second edition. The sub- 
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joined table exhibits side by side the data of Hetmnoitz, v. Frey and v. 
Kriss (Arch. f. Anat. u. Physiol. 1881. 336. The numbers were converted into 
wave-lengths by A. Kénic.), Konia and Drererict (Wiep. Ann. XXXIII. 
1887), and ANGIER and TRENDELENBERG (Zft. f. Psychol. u. Physiol. d. Sinnes- 
org. XX XIX. 284. 1905).1 


Table of the Pairs of Complementary Colours according to several observers 


HELMHOLTZ | v. Kriss || v. Frey Konig DIETE- ANGIER || TRENDE- 
RICI LENBURG 
| fat Se (Pee | eee 
656.2 492.1 ||656.2/492.4||/656.2/485.2/|675 |496.5||670 |494.3|/669.3/490.9|/669.4/491.2 
607.7 489.7 ||626 |492.2//626 |484.6/|663 |495.7||660 |494 ||654.6/489.0|/654.9/490.5 
585.3 485.4 ||612.3/489.6|/612.3/483.6|/650 |496.7/|650 |494.3)|641.2/490.2|/641.3/490.4 
573.9 482.1 ||599.5/487.8]|599.5/481.8//638 |495.9]1635 |494 |/628.1/487.9|/628.4/489.2 
567.1 464.5 ||587.6/484.7||587.6/478.9]1615.31496 |/626 |493.1|!616.2/487.4||616.2/487.9 
564.4 461.8 ||579.7/478.7||586.7|478.7||582.6/483.6||610 |492.2|/604.8)487.0)|604.8/487.3 


563.6|from 433 on||577 |473.9]|577.7/473.9||578 |476.6||588 |485.9)/593.8)484.7||593.9/485.7 
575.5)469.3)|572.8/469.3/|576 |467 ||585.7/485.7/|583.3|480.6)/583.5/482.8 
572.9|464.8||570.7/464.8)/574.5/455 ||578 |476.6||572.9/473.3)/572.4/469.1 
571.1|460.4}|569 /460.4)|573 [450 ||575.6/470 : 


571 |452.1|/568.1/452.1 571.5)455 
570.4|440.4||566.3/440.4 571.3)448 
570.1/429.5||566.4/429.5 571.4|442 


Lastly, there is still to be considered the effect of mixing colours 
that are not complementary. Concerning this matter, the following 
rule may be given: When two simple colours are mixed that are not so 
far apart in the spectrum as complementary colours, the mixture 
matches one of the intermediate colours in hue; being more nearly white 
in proportion as the two components are farther apart, and more satur- 
ated the nearer they are together. On the other hand, the mixture of 
two colours that are farther apart than complementary colours, gives a 
purple hue or a match with some colour comprised between one of the 
given colours and that end of the spectrum. In this case the resultant 
hue is more saturated when the two components are farther apart in the 
spectrum, and paler when they are nearer together; provided, of 
course, that the interval between them always exceeds that of a pair of 
complementary colours. 

For instance, when red, whose complementary colour is greenish 
blue, is mixed with green, the result is a pale yellow, which for different 
proportions of the two components may pass either through orange 
into red or through greenish yellow into green. A mixture of orange 

1 |The curve shown in Fig. 15 suggests the form of a rectangular hyperbola. From the 
results found by various observers, as given in the table above, Griinpurg has derived the 


following empirical formula connecting the wave-lengths of the pairs of complementary 
colours in the spectrum: 


(A—559) (498—X’) = 424; (A>d’). (J, PGS.) 
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and greenish yellow may also match pure yellow, but it is more satur- 
ated than that produced by red and green. On the other hand, by 
mixing red and cyan-blue, we get pink (pale purple-red); and by 
changing the proportions of the mixture, we can make this pink pass 
into red or through violet and indigo-blue into cyan-blue. But red 
mixed with indigo-blue or, better still, with violet gives a saturated 
purple-red. 

These results are exhibited in the subjoined table. The pure simple 
colours are at the tops of the vertical columns and at the left-hand 
ends of the horizontal rows. The place where a column and row 
intersect contains the resultant mixed colour; but this latter can be 
changed through the intermediate colours in the spectrum series into 
either of the two simple component colours by varying the proportions 
of the mixture. 


Violet Indigo-blue Cyan-blue | Blue-green | Green Green-yellow Yellow 
Red Purple Dark pink Pale pink White Pale yellow Golden yeliow Orange 
Orange Dark pink Pale pink White Pale yellow| Yellow Yellow 
Yellow Pale pink White Pale green | Pale green | Green-yellow 
Green-yellow White Pale green Pale green | Green 
Green Pale blue Water-blue Blue-green 
Blue-green Water-blue Water-blue 
Cyan-blue Indigo-blue 

J 


Incidentally, too, it appears that in these mixtures the degree of 
saturation of the colours of the spectrum is different. Thus red mixed 
with green of equal brightness gives a reddish orange; and violet mixed 
with green of equal brightness gives an indigo-blue close to the violet. 
On the other hand, when equally saturated colours of the same lumin- 
osity are mixed, the resultant compound colour is about midway 
between the two components. 


No new colours are obtained by mixing more than two simple or 
homogeneous colours. The number of different colours is exhausted 
by mixing pairs of simple colours. Indeed, in these latter mixtures we 
have seen already that most compound colours can be produced in this 
way. In general, the result of mixing compound colours is the same 
as that of mixing spectrum colours that are similar to them; except that 
the mixture is paler than the spectrum colours to the same degree that 
the mixed colours themselves are already paler. 

Accordingly, with all possible combinations of systems of aether- 
waves of different frequencies of vibration, there is after all a com- 
paratively small number of different states of stimulation of the organ 
of vision which can be recognized as different colour sensations. 
First of these are the series of saturated colours, composed of the 
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colours in the spectrum, along with purple which links the ends of the 
series. Each of these hues again may occur more or less pale in different 
gradations. The paler it is, the less saturated it appears. The palest 
degrees of these hues pass at last into pure white. Thus, we have here 
two kinds of differences between colours, namely, first, differences of 
hue, and, second, differences of saturation. Differences of hue are such 
as are exhibited by the differences of colour in the spectrum.! When 
these colours are supposed to be mixed with more or less white light, 
we obtain the different degrees of saturation of each one of the hues. 
Thus, the degree of saturation may be denoted by the proportion 
between the amounts of the saturated colour and white that go to make 
up the mixture. Ordinarily, we do not have special names for these 
pale colours, as, for example, pink in speaking of pale purple, flesh- 
colour when we mean pale red, sky-blue to denote pale blue; but we 
describe them by adding some word like bright, pale or white. For 
instance, ‘‘bright blue” is about the same as sky-blue, “pale blue” 
is a whiter blue still, and ‘‘white blue” is a blue that is hardly to be 
distinguished from white. The use of the word ‘‘bright’’ in connection 
with these paler tones deserves special comment, because, strictly 
speaking, it means high luminosity, whereas this mode of speech here 
does not differentiate between luminosity and paleness (or whitish- 
ness). It was mentioned in the preceding chapter that even the 
saturated colours in the spectrum appear to be whitish when the 
luminosity is high. 


Lastly, in ordinary speech we are wont to describe differences of 
luminosity as differences of colour; however, only in case colour is 
considered as a characteristic of bodies. Absence of light is called 
darkness. But when a body does not reflect any light that falls on it, 
we Say it is black. On the other hand, a body that scatters all incident 
light is said to be white. A body that reflects an equal share of all 
the incident light without reflecting all of it is called grey; and one 
which reflects light of one colour more than that of another is said to be 
a coloured body. Accordingly, in this sense white, grey and black are 
colours also. Saturated colours of low luminosity are said to be “dark,” 
as, for example, dark green, dark blue. But when the luminosity is 
extremely low, the same names are used as for pale colours of low 
luminosity. Thus, red, yellow and green of low luminosity are called 
red-brown, brown and olive-green, respectively; whereas exceedingly 
pale colours of low luminosity have names such as reddish grey, yellow- 
grey, blue-grey, etc. 


1 Thus change of hue may be said to involve primarily change of wave-length. 
(Tape C585) 
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Black is a real sensation, even if it is produced by entire absence of 
light. The sensation of black is distinctly different from the lack of 
all sensation. A spot in the field of view which sends no light to the 
eye looks black; but no light comes to the eye from objects that are 
behind it, whether they are dark or bright, and yet these objects do 
not look black,—there is simply no sensation so far as they are con- 
cerned. With eyes shut, one is perfectly conscious that the black field 
of view is limited, and it never occurs to anybody that it extends behind 
him. It is simply those parts of the field whose light we can perceive 
when there is any light there, that appear black when they do not emit 
any light. 

The easiest way of recognizing that grey and brown and red-brown 
are the same as white and yellow and red of low luminosity, respec- 
tively, is to analyze the light by a prism. It is more difficult to do this 
by projecting light of the given colour intensity on a screen, because 
there is a continual tendency to distinguish between the part of the 
colour and appearance of the body that depends on the illumination 
and the part that is characteristic of the surface of the body itself. 
Therefore, the experiment should be arranged so that the observer is 
prevented from knowing that there is any special illumination. A grey 
sheet of paper exposed to sunlight may look brighter than a white 
sheet in the shade; and yet the former looks grey and the latter white, 
simply because we know very well that if the white paper were in the 
sunlight, it would be much brighter than the grey paper which happens 
to be there at the time. But if a round grey spot is on a sheet of white 
paper, and if light is concentrated on it with a lens, so that it is highly 
illuminated while the surrounding white paper is not, the grey spot 
can be made to look whiter than the white paper. In a case of this 
kind, where the unconscious influence of experience is excluded, the 
quality of the sensation appears to be dependent on the luminosity 
alone. 

Similarly, the writer has succeeded in making the homogeneous 
golden yellow of the spectrum look brown. The method, which will be 
described presently, consisted in illuminating a little rectangular area 
with this yellow light on an unilluminated white screen; while at the 
same time a larger neighbouring portion of the screen was illuminated 
by brighter white light. Red used in the same way gave red-brown, and 
green olive-green. 


Accordingly, taking the intensity of the light into account also, 
we find that the quality of every colour impression depends on three 
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variable factors, namely, luminosity, hue and saturation.! There are 
no other differences of quality in the impression made by light. This 
result may be expressed as follows: 

The colour impression produced by a certain quantity of mixed 
light x can always be reproduced by mixing a certain amount of white 
light a with a certain other amount of some saturated colour b (spectrum 
colour or purple) of definite shade. 

This statement limits the number of different kinds of colour 
impressions; for while they may still be infinite in variety, they must be 
fewer than they would be if every possible combination of different 
simple colours were responsible for a separate colour impression. The 
complete determination of the objective nature of a mixture of different 
kinds of light involves telling how much light it contains for every 
different value of the wave-length. But the number of different 
wave-lengths is infinite; and therefore the physical quality of such 
an admixture of light must be represented 
as a function of an endless number of un- 
knowns. But the impression that any ad- 
mixture of light makes on the eye may always 
be represented as simply a function of 
three vartables, capable of being given nu- 
merically, namely: 1. The quantity of 
saturated coloured light; 2. The quantity 
of white light which mixed with it gives 
the same colour sensation; and 3. The 
wave-length of the coloured light. This 
enables us also to obtain finally a basis for 
arranging all the colours systematically 
in order. Thus, suppose at first we leave 
out of account differences of luminosity; 
then there will still be two variables left 
on which the quality of the colour de- 
pends, namely, the hue and the pro- 
portion between coloured light and white 
light. All the various colours may be 
represented, therefore, according to their 

Fig. 17. two dimensions, by points lying in 
a plane, just like the values of any other function of two variables. 
The saturated colours constitute a closed series, and hence they must 


1 (This is what painters mean when they say that colour may vary in hue, tint (satura- 
tion) and shade (luminosity). The substitution of the word “brilliance” in place of “bright- 
hess” or “luminosity” is recommended in the report of the committee on colorimetry of 
the Optical Society of America published in the Journal, VI, 1922, 527-596. (J. P. C. 8.) 
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lie on a closed curve, which Newton chose to be a circle with white 
placed in the centre (Fig. 16). The transitions from white to any 
saturated colour at a point on the circumference of the circle lie along 
the radius drawn to this point, so that the paler shades of this hue 
are nearer the centre, and the more saturated ones nearer the circum- 
ference. Thus we get a colour chart containing all possible kinds of 
colours of the same luminosity arranged according to their continuous 
transitions. When the different degrees of luminosity are also to be 
taken into account, the third dimension of space has to be utilized, 
as was done by Lampert. The darkest colours for which the number 
of discriminable shades continually gets less and less may be made to 
culminate in a point corresponding to black. In this way we get a 
colour pyramid or a colour cone. Three sections of a cone of this sort 
are shown, one on top of the other, in Fig. 17. The largest, correspond- 
ing to the base, ought to show the same distribution of colours as the 
colour circle in Fig. 16. The middle one, taken from the middle of the 
cone, contains red-brown, brown, olive-green, grey-blue on the outer 
edge, with grey in the centre. And, lastly, the smallest, from near the 
apex of the cone, is black, as shown in the figure. 

NeEwrTon also used the arrangement of the colours in one plane to 
express the law of colour mixture. He conceived the intensities of the 
mixed colours as being expressed by weights, which were attached at 
the places in the chart occupied by the colours concerned. Then the 
centre of gravity of these weights was to be the place of the compound 
colour in the chart, and the sum of the weights its intensity. Grass- 
MANN has developed and formulated the principles that are really 
implied in NewtTon’s method. In addition to the proposition men- 
tioned above, namely: 

1. Any mized colour, no matter how wt is composed, must have the 
same appearance as the mixture of a certain saturated colour with white; 
the following laws are also necessary: 

2. When one of two kinds of light that are to be mixed together changes 
continuously, the appearance of the mixture changes continuously also; 
and 

3. Colours that look alike produce a mixture that looks like them. 

On the basis of these three assumptions, an arrangement of the 
colours in one plane may be made that enables us to find the mixed 
colour by a centre-of-gravity method. A colour chart on which the 
mixed colours are found by the principle of centre-of-gravity con- 
structions, will be called a geometrical colour chart. Now as there is no 
general unobjectionable method of making quantitative comparisons 
by the eye of the intensities of light of different colours, in constructing 
a chart of this kind it must be stipulated in advance, that the unit 
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quantity of light for each colour is to be determined by NEWTON’s 
rule of colour mixture itself. Suppose three colours are taken at 
random, except that no two of them can be combined to make the 
third. If three arbitrary places are assigned to them on the chart, 
not all on one straight line, and if the unit intensity for each of 
these colours is determined in any convenient way, then the position 
and unit of intensity for every other colour on the chart will be 
uniquely determined.! 


Construction of the Colour Chart. Suppose A, B, C are the three 
colours with which we start; and suppose the units of their intensities 
have been defined and also their 
positions a, b, c (Fig. 18) in the 
colour chart. Let us take the amounts 
a and 6 of the colours A and B, and 
put the mixed colour at the centre 
of gravity of the weights a and 8, 
that is, at a point d in the straight 
line ab such that 


a.ad=B.bd. 


Fig. 18. 


Thus, all mixtures of the colours A and B will lie on the line ab.? 
Suppose now that a quantity y of some third colour C' is to be 
mixed with the quantities a and 6 of the colours A and B; all we have 
to do is to consider that we have a quantity (a+) of the mixed colour 
corresponding to the point d, and to find the position of the centre of 
gravity e of the weights (a+) at dandy atc. This is the place where 
the compound colour lies, its quantity being 


e=at+6+y7. 


At the same time the unit luminosity of this mixed colour is also 
determined from the fact that 


€ 
atB+y" 


Evidently, by this method every mixture of the three colours A, B and 
C must lie within the triangle abc; for both its position and its unit 
luminosity are found as above described.’ 


1 


1 ¢Thus any colour that differs from one of the colours in the chart in luminosity only 
is referred to this colour as a unit, and in this way its quantity is estimated. (J. P. C. S.) 

? {Thus the rule for finding the result of mixing two colours in the diagram is to divide 
the line joining them inversely in the ratio of the quantities of the two components. (J.P.C.S.) 

5 {The result obtained in this way would be a triangular portion of New7on’s dia- 
gram. (J. P. C.S.) 
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On the assumption that the positions and units of measurement 
have been found for all the results that can be obtained by mixing 
together the three colours A, B and C, we may then proceed to deter- 
mine the same functions for all the colours that cannot be produced 
by combinations of these three. Suppose M is such a colour. It is 
always possible to choose the amount yp of this colour so small that the 
result of mixing it with one of the colours of the triangle will be also a 
colour lying inside the triangle. For example, it may be mixed with an 
amount ¢ of the colour defined by the point e, where e is measured in 
terms of the unit found above. If the amount of M is supposed to be 
infinitesimal at first and then to be increased gradually up to the value 
pu, the mixture will begin by having the same colour as E£ itself and will 
continually change into the adjacent colours, according to the funda- 
mental axioms assumed above. When the amount of M finally gets 
to be equal to uw, let us suppose that the result is a certain colour 
defined by a point f that is still inside the triangle. In the first place, 
the amount of this colour F, according to the rule, must be 

P=¢-/ - 
The quantity » is dependent therefore on the units of measurement 
that have been previously determined. Moreover, the position of 
the point f must be the same as that of the centre of gravity of u atm 
and ¢ at e; which means that the point m must lie in the prolongation 
of the line ef, so that 

mf e 

ole die 
This proportion, therefore, settles also the place and amount of the 
colour M; and the same method is pursued for finding all the other 
colours that cannot be produced by mixing A, B and C. 

Proof of the above construction. What has to be demonstrated now is 
that in a chart thus constructed, for which also the metrical units of 
the amounts of the different colours are determined in the manner 
above described, the colour obtained by mixing any two colours is at 
the centre of gravity of the component colours, and its luminous 
intensity, as measured by the stipulated units, is equal to the sum of 
the amounts of the parts of the mixture. 

Let m, m2, etc. denote the masses of a set of particles whose 
positions are given by the codrdinates 21, y1; X2, Ye; etc., respectively. 
The coérdinates X, Y of the centre of gravity are given by the equa- 
tions: 


X(mitmotmstetc .)=mixtitmexetmsxstetc . ; 
V(mitme+tmstetc .)=miyitmeayetmsyst ete . 
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The coordinates of a point designated by a letter n will be denoted by 
Divas 
ait Two colours Ey and E, are to be mixed, each of which eau 
be obtained by a mixture of three originally chosen colours A, B and C. 
Let €) and ¢; be the amounts of the colours EZ, and HE, obtained by 
mixing the amounts ao, Bo, Yo and a1, 61, y1 of the colours A, B and C, 
respectively. Then, if xo, yo denote the codrdinates of the point where 
E, is in the colour chart, and x1, y: those of the point where £; is, 
according to the above rule: 
x0(aot+BotYo) = a0%atBoxstYoXe 
¥1(ai+Pity1) =a1%atBixetyixe 
yo(aotBotYo) =aovatPoystVove 
yi(aitBity1) =a1vatBivetyiVe 
€0-=aotBot+Vo 
é:=aitBity. 
Now by the axiom that two colours that look alike give a mixture of 
the same colour, the mixture of ¢) and ¢; is the same as that of acBovo 
and a,61y:; and in the construction of the colour chart, the codrdinates 
X, Y of the point that belongs to this latter mixture are given by the 
equations: 
X (aotBotYotaitBity1) = (aot a1) ta+ (Bot B1)x6+ (Yot+Y1) Xe ; 
Y(aotBotvotaitBity1) = (aota1) Yat (BotB1) vot Cvo+Y1) He - 
If the six equations above are used to eliminate 2, %, X and Ya, Yb, Ye 
from these two last equations, then 
X (eote1) =eoxot+ei x1 , 
Y (€o+€1) =eqvoteayi < 
Thus, the coordinates X, Y of the colour obtained by mixing Ey, E, 
are the same as those of the centre of gravity of ¢ and e:. 
The total amount of light (q) obtained by mixing E,, E, in the 
quantities €o, €1, respectively, must also be equal to that obtained by 
mixing the amount ao+8o+7o0 and the amount a,+61+71:; that is, 


q:= aotPotyotaitBityi=eote . 


Thus the rule given for constructing all colours obtained by mixing 
A, B and C in the same way as they are located on the colour chart 
is proved to be correct. 

B. Two colours My and M, are to be mixed, neither of which can be 
obtained by a mixture of A, Band C. Let xo, yo denote the codrdinates 
of the position of the colour M,, and let 4» denote the amount of this 
colour; similarly, let x1, y: denote the codrdinates of the position of the 
colour M,, and let wu: denote the amount of it. Suppose the position of 
M, in the colour chart has been found from the fact that when the 
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quantity yw is mixed with the quantity «) of a colour E corresponding 
to the point e, the result is a quantity ¢ of a colour F corresponding to 
the point f; then 
eotHo=¢ 
PX = €oXe t+ MoXo 
PIs =€oVet Moyo « 
Likewise, suppose the position of M, has been found from the fact that 
when the quantity yw: of this colour is mixed with the quantity e 
of the same colour E as above, the result is-a quantity y of a colour G 
corresponding to the point g; then 
atm=y 
W%q=E1Xe+ p41 
Wg =E1 Vet oN « 
To get the place of the result of mixing uw and yw, in the same way, they 
must be mixed with the quantity eo+¢, of the colour Z. But this is 
equivalent to mixing the quantities y and y of the colours F and G. 
Let the codrdinates of the position of this mixed colour be denoted by 
, v, as given by the equations 
(p+Wt=oxstyx, 
(ot+v)v=pys+¥Io - 
The coérdinates X, Y of the position of the colour obtained by mixing 
wo and yp, will be given then by the following equations, in which 7 
denotes the as yet undetermined amount of this colour: 
(p+W)E= (eoter) te +X 
(ot+w)o= (coer) yetn¥ 
ot+ty=eoteitn. 
Eliminating ¢, y, x, and y. by the aid of the previous equations, we 
obtain: 
Moto mit =X 
HoVot M191 = nV 
Bot M1 = > 
Consequently, the resultant colour obtained by mixing yo and yw: is 
found to be actually, as desired, at the centre of gravity of these two 
masses, and its amount is equal to the sum of those of the two com- 
ponents. 

C. Two colours are to be mixed, one of which can be obtained by 
mixing A, B, and C, while the other cannot be so obtained. The procedure 
is similar to that in the preceding case. Let u. denote the amount of 
the colour that cannot be obtained by mixing A, B and C; and suppose 
that the codrdinates Xo, yo of the position of this colour have been found 
from the fact that when it is mixed with an amount e, of a colour # 
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corresponding to the point e, the result is a quantity ¢ of a colour F 
corresponding to the point f; then 
HoXot €oXe= xs 
Movot€oVe= PYF 
Moteo=¢ . 
In order to find the point corresponding to the colour obtained by 
mixing wo with an amount 7 of the colour that can be produced by 
mixing A, B and C, we mix 7 with eo, and then proceed by the rule given 
above. But since 7 is composed of wo and wi, another way would be to 
mix po and € first, which, according to the assumption, will give the 
amount ¢ of the colour F, and then mix ¢ with wi. The centre of 
gravity of the two is the position of the colour resulting from the 
mixture of 7 and €o, its codrdinates £ and v being given by the following 
equations: 
(otevé= erst ux, 
(o+u1)v=99st+HIe - 
The codrdinates X, Y of n, according to the above rule, are to be found 
by the equations: 
(pt+mr)E=nX + e0x6 


(e+m1)v=nY +e0¥e 
etm=nteo. 


Thus we derive finally: 


nX =poXot Mix, 
nY =poyot Hyg 
N=PotH1 ) 


which was to be proved. 


Hitherto, the places of colours that cannot be obtained by mixing 
A, B and C have been always found by mixing them with a single 
colour EL; but the last proposition shows that if any other colour G is 
used, the place found for a given colour of the kind mentioned will 
turn out to be the same as before. 

It is not possible to tell in advance the form of the curve on which 
the simple colours will lie in a construction of this kind. Indeed, 
these curves can be very manifold, depending on the choice of the 
three colours to begin with and on the arbitrary units by which they 
are measured. One unit has to be arbitrary always, and likewise the 
positions of the points where two of the chosen colours are placed. 
When two points on the curve are specified, the form of the curve will 
depend simply on the other four selections. Accordingly there are four 
more conditions which may in general be satisfied by a corresponding 
choice of the four arbitrary factors that are still left. Thus, for instance, 
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it might be desirable that the distances of five certain simple colours 
from white should all be equal on the chart. Then the curve containing 
the simple colours would hardly be appreciably different from Nrw- 
TON’s colour circle as shown in Fig. 16; except that the chord which is 
drawn in that diagram between the extreme red and violet would have 
to be the continuation of the curve instead of the arc, because purple, 
which can be obtained only by mixing red and violet, would have to lie 
on the straight line joining those two colours. Besides, from the 
methods of the construction, each pair of complementary colours must 
be at opposite ends of a diameter of the circle, because the mixed 
colour white must always be on the lines connecting the two colours 
that produce it. This condition is also satisfied in Fig. 16. 

As to the units of luminosity of light of different colours, in those 
cases where the boundary of the colour chart has been designed in the 
form of a circle, complementary amounts of the complementary 
colours, that is, amounts which produce white when they are mixed, 
must be considered as being equal, because by hypothesis their 
mixed colour, white, is midway between them. Moreover, such 
amounts of other non-complementary colours would be considered as 
being equal which when combined with a sufficient quantity of their 
complementary colour in each case will produce equal quantities of 
white. From what has been stated about the different saturation of 
the colours of the spectrum, it follows that the quantities which are 
here considered as equal do not by any means look equally bright to the 
eye. However, in the next chapter it will be seen that very different 
results are obtained in estimating brightness by the eye at different 
absolute intensities of illumination; and that, on the contrary, a deter- 
mination of the unit of measurement of different colours by the 
results of mixtures continues to be valid in a certain sense at least for 
all degrees of luminosity. 

On the other hand, supposing quantities of light of different colours 
are to be considered as being equal, when for a certain absolute 
intensity of light they look equally bright to the eye, we shall get an 
entirely different form for the 
curve on which the simple colours 
lie, like that shown in Fig. 19. 
Saturated violet and red must be 
farther from white than their less 
saturated complementary colours, 
because, as the eye estimates it, it 
takes less violet than yellow-green 
when we mix these two complementary colours together to get white. 
Hence, if white is to be in the position of their centre of gravity, the 


140 The Sensations of Vision (117. 


smaller amount of violet must have a longer lever-arm than the 
larger amount of yellow-green. Incidentally, here also, as before, 
the spectrum-colours themselves would be ranged along a curve and 
the purples on a chord; complementary colours lying at the opposite 
ends of chords that all pass through the point on the chart that 
corresponds to white. In these respects the chart is similar to the 
colour circle in Fig 16. 


Newron’s device of exhibiting the laws of colour mixture by the 
method used for constructing centres of gravity was intended originally 
simply as a kind of mathematical picture for expressing graphically 
a large mass of facts; the justification for it consisting in the fact that 
the results as found by this process were qualitively in accordance with 
experimental realities, even if they had not been tested quantitatively. 
However, quite recently the method has been still further supported 
by careful quantitative measurements made by MaxwELu. He used a 
colour top, for which two sets of circular sectors were made, the radii 
of one set being longer than those of the other set. These sectors were 
cut out of highly coloured papers (vermilion, bright chrome yellow, 
Paris green or-emerald-green, ultramarine, white, and black). They 
were placed on the surface of the colour top in such a way that the 
angles of the sectors at the centre of the circle could be adjusted at 
pleasure; and also so that one combination of colours could be produced 
out towards the edge of the disc and at the same time another combina- 
tion in towards the centre. The experiment generally consisted in 
varying the angular widths of the sectors until the outer and inner 
colours appeared exactly alike when the colour top was spinning 
rapidly; and then the angles of the exposed portions of the sectors were 
measured. Endless varieties of combinations of colour can be made in 
this way, and the laws of colour mixture may be tested by them. In 
accordance with the ideas developed above, the plan of this method 
may be easily explained as follows. Suppose a colour chart is con- 
structed with three fundamental colours, say, red, green and blue, the 
same colours as used on the colour top; the brightness or luminosity 
of each of them being put equal to unity according to some arbitrary 
system of measurement. Hence, in any experimental combination 
of these three colours, the luminosities must be equal to the ratios 
between the arcs of the coloured sectors and the circumference of the 
circle. The first thing we can do is to make a grey by a combination 
of the three fundamental colours, and to match it by a combination of 
black and white. This experiment will enable us to locate the position 
of white in the colour chart and to find also unit luminosity for white. 
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The next experiment might be to make two grey-yellow matches, by 
using red and green for one mixture and yellow, white and black for 
the other. By the aid of the rules given above, this determination will 
enable us. to locate where yellow belongs on the chart and to find its 
unit luminosity. This preliminary work being out of the way, we can 
proceed then, either by construction with the chart or by calculation, 
to show how any mixture of three of the five colours, red, yellow, green, 
blue and white, can be matched by mixing any other three of them; and 
these predictions can then be verified experimentally, every such test 
tending to confirm the correctness of the centre-of-gravity method of 
finding the result of mixing colours. Incidentally, the colour top is 
nicely adapted also for numerical evaluations of the colours of natural 
bodies. 


Every difference of impression made by light, as we have seen, 
may be regarded as a function of three independent variables; and 
the three variables which have been chosen thus far were (1) the 
luminosity, (2) the hue, and (8) the saturation, or (1) the quantity of 
white, (2) the quantity of some colour of the spectrum, and (8) the 
wave-length of this colour. However, instead of these variables, three 
others may also be employed; and in fact this is what it amounts to, 
when all colours are regarded as being mixtures of variable amounts of 
three so-called fundamental colours, which are generally taken to be 
red, yellow and blue. To conceive this theory objectively, and to assert 
that there are simple colours in lhe spectrum which can be combined 
to produce a visual impression that will be the same as that produced 
by any other simple or compound light, would not be correct. There 
are no such three simple colours that can be combined to match the 
other colours of the spectrum even fairly well, because the colours of 
the spectrum invariably appear to be more saturated than the com- 
posite colours. Least suited for this purpose are red, yellow and blue; 
for if we take for blue a colour like the hue of the sky, and not a more 
greenish blue, it will be impossible to get green at all by mixing these 
colours. By taking a greenish yellow and a greenish blue, the best we 
can get is a verypale green. These three colours would not have been 

‘selected, had it not been that most persons, relying on the mixture of 

pigments, made the mistake of thinking that a mixture of yellow 
and blue light gives green It would be rather better to take wolet, 
green and red for fundamental colours. Blue can be obtained by 
mixing violet and green, but it is not the saturated blue of the spec- 
trum; and a dead yellow can be made with green and red, which is 
not at all like the brilliant yellow in the spectrum. 
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If we think of the colours as plotted on a colour-chart by the 
method sketched above, it is evident from the rules given for the 
construction that all colours that are to be 
made by mixing three colours must be 
contained within the triangle whose ver- 
tices are the places in the chart where the 
¥three fundamental colours are. Thus, in 
the adjoining colour circle (Fig. 20), where 
the positions of the colours are indicated 
by the initial letters of their names 
(I =indigo-blue, C =cyan-blue, Y =yellow, 
G =green, etc.), all the colours that can be 
made by mixing red, cyan-blue and yellow 
are comprised within the triangle RCY. Thus, as we see, two large 
pieces of the circle are missing, and all that could be obtained would 
be a very pale violet and a very pale green. But if, instead of cyan-blue, 
the colour of the blue sky, indigo-blue, were taken, green would be 
missing entirely. The triangle VRG comprises the colours obtained by 
mixing violet, red and green, and a larger number of the existing 
colours would indeed be represented. But, as the diagram shows, large 
portions of the circle are still missing, as must always be the case 
according to the results of experiments on the mixture of the colours 
of the spectrum. The conclusion is that the boundary of the colour 
chart must be a curved line which differs considerably from the 
perimeter of the triangle. 

BREWSTER, endeavouring to defend the objective nature of three 
fundamental colours, maintained that for every wave-length there 
were three different kinds of light, red, yellow and blue, mixed merely 
in different proportions so as to give the different colours of the 
spectrum. Thus, the colours of the spectrum were considered as being 
compound colours consisting of three kinds of light of different quality; 
although the degree of refrangibility of the rays was the same for each 
individual simple colour. BrewstTrEr’s idea was that light of all three 
fundamental colours could be proved to exist in the different simple 
colours by the absorption of light by coloured media. His entire theory 
is based on this conception, which was shown in the preceding chapter 
to be erroneous. 

Apart from BrEewstTER’s hypothesis, the notion of three funda- 
mental colours as having any objective significance has no meaning 
anyhow. For as long as it is simply a question of physical relations, 
and the human eye is left out of the game, the properties of the com- 
pound light are dependent only on the relative amounts of light of all 
the separate wave-lengths it contains. When we speak of reducing the 


r 


~ 
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Fig. 20. 


119.] §20. The Compound Colours 143 


colours to three fundamental colours, this must be understood in a 
subjective sense and as being an attempt to trace the colour sensations 
to three fundamental sensations. This was the way that Youne 
regarded the problem;! and, in fact, his theory affords an exceedingly 
simple and clear explanation of all the phenomena of the physiological 
colour theory. He supposes that: 

1. The eye is provided with three distinct sets of nervous fibres. 
Stimulation of the first excites the sensation of red, stimulation of the 
second the sensation of green, and stimulation of the third the sensa- 
tion of violet. 

2. Objective homogeneous light excites these three kinds of fibres 
in various degrees, depending on its wave-length. The red-sensitive 


fibres are stimulated most by light of longest wave-length, and the 
violet-sensitive fibres by 
il | | T 

f 

CD me. 
mean that each colour of 
the spectrum does not 
others strongly; on the HI 
contrary, in order to ex- 3 Re ee B 
assume that that is exactly what does happen. Suppose that the colours 
of the spectrum are plotted horizontally in Fig. 21 in their natural 
No. 1 for the red-sensitive fibres, No. 2 for the green-sensitive fibres, 
and No. 3 for the violet-sensitive fibres. 


light of shortest wave- 

stimulate all three kinds, Pri i ie 

plain a series of phe- Fig. 21. 

sequence, from red to violet, the three curves may be taken to indicate 


Jength. But this does not 

of fibres, some feebly and my ref va 

nomena, it is necessary to 

something like the degree of excitation of the three kinds of fibres, 


1 ¢MaxweEL.v in his lecture ‘“‘On colour vision” at the Royal Institution (see Scientific 
Papers of Jamus CterK MaxweEtt, II. pp. 266-279), speaking of Youne’s theory, says: 

“We may state it thus:—We are capable of feeling three different colour-sensations. 
Light of different kinds excites these sensations in different proportions, and it is by the dif- 
ferent combinations of these three primary sensations that all the varieties of visible colour 
are produced. In this statement there is one word on which we must fix our attention. 
That word is, Sensation. It seems almost a truism to say that colour is a sensation; and 
yet Young, by honestly recognizing this elementary Truth established the first consistent 
theory of colour. So far as I know, THomas Youne was the first who, starting from the 
well-known fact that there are three primary colours, sought for the explanation of this 
fact, not in the nature.of light, but in the constitution of man. Even of those who have 
written on colour since the time of Younc, some have supposed that they ought to study 
the properties of pigments, and others that they ought to analyse the rays of light. They 
have sought for a knowledge of colour by examining something in external nature—some- 
thing out of themselves.” (J.P.C.S.) 
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Pure red light stimulates the red-sensitive fibres strongly and the 
two other kinds of fibres feebly; giving the sensation red. 

Pure yellow light stimulates the red-sensitive and green-sensitive 
fibres moderately and the violet-sensitive fibres feebly; giving the 
sensation yellow. 

Pure green light stimulates the green-sensitive fibres strongly, 
and the two other kinds much more feebly; giving the sensation green. 

Pure blue light stimulates the green-sensitive and violet-sensitive 
fibres moderately, and the red-sensitive fibres feebly; giving the 
sensation blue. 

Pure violet light stimulates the violet-sensitive fibres strongly, 
and the other fibres feebly; giving the sensation violet. 

When all the fibres are stimulated about equally, the sensation 
is that of white or pale hues. 

It might be natural to suppose that on this hypothesis the number 
of nervous fibres and nerve-endings would have to be trebled, as 
compared with the number ordinarily assumed when each single 
fibre is made to conduct all possible colour stimulations. However, 
in the writer’s opinion there is nothing in Youne’s hypothesis that is 
opposed to the anatomical facts in this respect; because we are entirely 
ignorant as to the number of conducting fibres, and there are also 
quantities of other micrescopical elements (cells, nuclei, rods) to 
which hitherto no specific functions could be ascribed. But this is not 
the essential thing in Youna’s hypothesis. That appears to the writer 
to consist rather in the idea of the colour sensations being composed 
of three processes in the nervous substance that are perfectly indepen- 
dent of one another. This independence is manifested not merely in 
the phenomena which are being considered at present but also in those 
of fatigue of the nervous mechanism of vision. It would not be abso- 
lutely necessary to assume different nervous fibres for these different 
sensations. So far as mere explanation is concerned, the same advan- 
tages that are afforded by Younea’s hypothesis could be gained by 
supposing that within each individual fibre there might occur three 
activities all different from and independent of one another. But the 
form of this hypothesis as originally proposed by Young is clearer in 
both conception and expression than it would be if it were modified as 
suggested, and hence it will be retained in its original concrete form, 
for the sake of exposition if for nothing else. Nowhere in the physical 
(electrical) phenomena of nervous stimulation either in the sensory or 
motor nerves can there be detected any such differentiation of activity 
as must exist if each fibre of the optic nerve has to transmit all the 
colour sensations. By Youne’s hypothesis it is possible even in this 
connection to transfer directly to the optic nerve the simple conceptions 
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as to the mechanism of the stimulation and its conduction which we 
were led to form at first by studying the phenomena in the motor 
nerves. This would not be the case on the assumption that each fibre 
of the optic nerve has to sustain three different kinds of states of 
stimulation which do not mutually interfere with one another. Youne’s 
hypothesis is only a more special application of the law of specific 
sense energies. Just as tactile sensation and visual sensation in the 
eye are demonstrably affairs of different nervous fibres, the same thing 
is assumed here too with respect to the various sensations of the funda- 
mental colours. 

The choice of the three fundamental colours is somewhat arbitrary. 
Any three colours which can be mixed to get white might be chosen. 
YounG may have been guided by the consideration that the terminal 
colours of the spectrum seem to have special claims by virtue of their 
positions. If they were not chosen, one of the fundamental colours 
would have to have a purplish hue, and the curve corresponding to 
it in Fig. 21 would have two maxima, one in the red and one in the 
violet. This would be a more complicated assumption, but not an 
impossible one. So far as the writer can see, the only other way of 
determining one of the fundamental colours would be by investigating 
the colour-blind. To what extent such investigation confirms YouNG’s 
hypothesis for red at least, will be shown later. 

That each of the three chosen fundamental colours of the spectrum 
stimulates not only the nervous fibres that are designated by the same 
name as the colour in question but the other fibres also in a less 
degree, has been already proved by the results of colour mixture, cer- 
tainly in the case of green. For if we think of all the colour sensations 
that are composed of the three fundamental colours as being plotted 
on a plane chart according to New- 
TON’s system, it follows from what 
has been stated above that the 
colour area must be enclosed in a 
triangle. This triangle must include 
within it the colour area shown in 
Fig. 22 which comprises all colours 
that are miscible from the colours of 
the spectrum. It would be possible 
to do this by shifting the sensation 
of pure green towards A, as is done 
in Fig. 22, on the assumption that 
spectrum red and violet, R and V, 
are pure fundamental colours. In this case the colour triangle that 
contains within it all possible colour sensations would be AVR. This 


Fig. 22. 
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assumption, as stated, would satisfy the actual facts of colour mixture. 
On the other hand, however, certain other facts to be mentioned 
presently, in connection with colour blindness and the change of hue 
due to increase of intensity of the light and the phenomena of after- 
images, render it necessary to assume that neither spectrum red nor 
violet corresponds to a simple sensation of one fundamental colour, 
but to a slightly mixed sensation. Accordingly, the positions of 
spectrum red and violet in the colour triangle Fig. 22 would have to 
be displaced about to R, andV, and the closed curve JCYR,V, would 
then embrace all possible colours of objective light. 

Thence it follows that there must be a series of colour sensations 
still more saturated than those which are evoked under ordinary 
circumstances by objective light, even by that of the spectrum. In 
Fig. 22 the colours aroused in the normal eye by external light are 
comprised within the area bounded by the curve and the straight line 
V R,. The rest of the triangle corresponds to colour sensations that 
cannot be excited directly by external light. Since these latter sensa- 
tions are all farther separated from white than the colours of the 
spectrum, they must be even more saturated than those colours them- 
selves, which are the most saturated objective colours of which we have 
any knowledge. And, as a matter of fact, when we come to the theory 
of after-images, produced by fatiguing the eye by the complementary 
colours, we shall see how to produce colour sensations beside which the 
colours of the spectrum look pale. 

The fact above mentioned, that the different colours of the spec- 
trum do not appear to be all saturated to the same degree, is easily 
explained by this theory. 


The eyes of some individuals are not able to distinguish as many 
colours as those of ordinary persons. The visual perceptions in cases of 
colour blindness (achromatopia, achrupsia) are of particular interest for 
the theory of colour sensations. A. SEEBECK has demonstrated that 
there are two classes of colour-blind people. Individuals belonging to 
each group confuse the same set of colours, and differ from each other 
merely in the degree of their difficulty. On the other hand, individuals 
in one class recognize most of the mistakes made by those of the other 
class. 

The most numerous cases, especially in England, appear to belong 
to SEEBECK’s second division. Their trouble is often called Daltonism 
(or anerythropsia, by Gorrus), after the celebrated chemist J. Dauron, 
who himself belonged to this group and was the first to investigate this 
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condition carefully.1 As some English scientists have protested against 
this mode of perpetuating the name of their renowned countryman by 
one of his defects, let us call this condition red blindness.? Individuals 
in whom it is completely developed see only two colours in the spectrum, 
which they usually describe as blue and yellow. They include in the 
latter all of the red, orange, yellow and green. They call the green-blue 
hues grey, and the remainder blue. They do not see the extreme red 
at all when it is faint, but they may do so when it is intense. Thus, 
they usually put the red end of the spectrum at a place where normal 
eyes still see distinctly a faint red. In pigments they confuse red 
(that is, vermilion and reddish orange) with brown and green; whereas 
to the normal eye in general the confused red hues are much brighter 
than the brown and green. They cannot distinguish between golden 
yellow and yellow or between pink-red and blue. On the other hand, all 
mixtures of different colours that appear alike to the normal eye 
appear alike also to the red-blind. With regard to DaLTon’s case, 
Sir J. Herscuer’ has already advanced the opinion, that all colours 
discriminated by him might be considered as being composed of two 
fundamental colours instead of three. This view has been recently 
confirmed by MaxweE tt by his method of measuring colours with the 
mixtures on the colour top. In the case of a healthy eye, as has been 
shown, a colour match may be formed between any given colour and 
three suitably chosen fundamental colours, plus white and black. In 
case of red-blind persons, as the writer himself has verified, only two 
colours are needed besides white and black (for instance, yellow and 
blue) to make a colour match on the colour top with any other colour. 

In the author’s experiments with Mr. M., who was a student in the 
polytechnic institute, accustomed to physical investigations and 
fairly sensitive to such differences of colour as he could still recognize 
at all, chrome yellow and ultramarine were used as principal colours. 
A mixture on the colour top of 35° of yellow and 325° of black, which 
was olive-green to an average person, seemed to him identical with a 
red about like that of sealing wax. The experiments indicated that a 

1 According to more modern determinations, SrEBEcK’s second form of colour blind- 
ness, called “green blindness” by HrtmHou7z, is more frequent, and the only reason why 
it is more often unnoticed than “red blindness” is because its symptoms are rather less 
striking. As to new suggestions for designating the forms of colour blindness, see the 
section on this subject in the appendices at the end of this volume.—N. 


2 ¢Red-blind individuals, as HELMHOLTz calls them, are termed protanopes by v. Krizs, 
and green-blind deuteranopes. (J. P. C.8.)_ 

3 In a letter quoted in G. Wixson, On colour Blindness. Edinburgh 1855. p. 60. 

4 JThese types of colour blindness have colour systems that are functions of two 
variables, whereas normal colour vision, as has been stated, is a function of three variables. 
Thus normal individuals are said to be trichomats as distinguished from these abnormal 


dichromats. (J. P. C.8.) 
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mixture of 327° of yellow and 33° of blue, which looks grey-yellow to 
the normal eye, was to him the same as green of hue about corres- 
ponding to the line E in the spectrum. And 165° of yellow mixed with 
195° of blue, which ordinarily gives a faint reddish grey, was the same 
to him as grey. As all other hues could be mixed from red, yellow, green, 
and blue, the result was that, so far as Mr. M. was concerned, they 
could all be obtained by mixing yellow and blue. 

From GrassMANNn’s laws of colour mixture, as applied to an eye that 
confuses red with green, it follows directly that the hues which it does 
differentiate can all be obtained by mixing two other colours, say, 
yellow and blue. For if red and green appear to be the same, necessarily 
all mixtures of these two colours will appear to be the same. Moreover, 
since colours that look alike produce a mixture that looks like them, 
every mixture of a given amount of yellow with a given amount of any 
one of the colours made by mixing red and green, which has the same 
appearance to a colour-blind person, will give a resultant colour that 
looks the same to him. But for the healthy eye one of the colours 
obtained by mixing red and green can be made also by mixing yellow 
and blue; and hence for the colour-blind eye this colour can be sub- 
stituted for all combinations of red and green. Consequently, all 
mixtures of yellow, red and green may be produced also by mixing 
yellow and blue, so far as the colour-blind eye is concerned; and the 
same thing may be proved likewise for all mixtures of blue, red and 
green. And, lastly, since all hues for the healthy eye can be obtained 
by mixing red, yellow, green and blue, all hues for the colour-blind eye 
can be obtained by mixing yellow and blue. 

If the colours are plotted on a plane chart by the method of con- 
structing the centres of gravity, all such colours as appear to a colour- 

blind person to be the same at suitable lumin- 
Q  osity will be ranged along a straight line, since 
a mixture of two colours must be on the straight 
line joining these two points, and the mixture 
must appear to have the same hue as its com- 
ponents, if the latter look alike. Moreover, it 
may be proved that all these straight lines 
intersect in one point (which may be at infinity, 
in which case they will all be parallel), and that 
the colour corresponding to this point must be 
invisible to the colour-blind eye. 

To the colour-blind person the quantity r 
of the colour at R in Fig. 23 appears the same as the quantity g of the 
colour at G. Now 


Fig. 23. 


r=nr+(1—n)r. 
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The quantity ng of the colour G looks just like the quantity nr of the 
colour Rk. Thus, supposing that n is a proper fraction, the quantity r 
of the colour R appears the same as the mixture of the quantity 
(1—n)r of the colour R with the quantity ng of the colour G. In the 
colour chart this mixed colour will be at the point S in the line RG such 
that 

RSS SOS TOS eo bone eee ae TG) 
and the quantity of this mixed colour will be 

s=ng+(1—n)r. 

So far as the colour-blind eye is concerned, the appearance of this 
colour will not depend on the value of n. 

Suppose now that the quantity b of the colour B is mixed with 
the quantity s of the colour S; the result will be a mixed colour whose 
appearance to the colour-blind eye is independent of the variable 
magnitude n. Let T be the place of this mixed colour in the chart and 
tits quantity; then 

t=b+s=b+ng+(1—n)r 
DS 2B turns 0's [202 =t=\(die—92)) 71k ek eee oes) us tegen «pd (1) 
From B let fall the perpendicular BH on RG and from T the perpen- 
dicular TZ on BH; and put 


LH=x BH=h 
TL=y eres 
RG=c 
Then by (la): 
IGE, IES b 
se aed (1b) 
h BH BS b+ng+(1—n)r 
y TL SH peer? 
pe eA BINA BH) ak, <7 
Since from equation (1) 
1—n)r 
SG=c. one ; 
ne+(1—1)r 
therefore 
a (c—a) (1—n)r—ang (16) 
h—x h[ng+(1—n)r] 


Eliminating the variable n from (1b) and (1c), we obtain an equation 
connecting the rectangular coérdinates of the point 7’, as follows: 


0= ybh(g—r) — x[erg+br(c—a) +abg] +bh[(c—a)r+ag] be cotta sled) 
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As this is a linear equation between z and y, the locus of the point T 
is a straight line, and all the mixed colours that lie on this line appear 
to be the same to the colour-blind eye. Suppose TQ is this straight 
line meeting the straight line RG in the point designated by Q; then 
the value of y for x =0 will be QH =y as given by the equation 

(c—a)r+ag 

r—g< 

This value of yo is independent of the amount b of the colour that is 
to be mixed with S; and every straight line that is the locus of points 
corresponding to colours that all look alike, obtained by mixing the 
colours R, G and B, will pass through this point Q; and in case r =g, 
that is, when y) becomes infinite, the point Q will be the infinitely dis- 
tant point of the straight line RG, and the system of lines TQ will be 
a pencil of parallel lines. 

The distance of Q from the point FR is 


(le) 


Yo 


yo — 6 a= ORse> 25 Ree. Se LE) 


When an amount q of the colour Q is mixed with the amount g of the 
colour G so as to make the colour R, then we must have 


oe 
RG q 
and therefore by equation (1f), since RG =c: 
ja Snes 
iam nM 
q=r-g. 


The amount of the mixed colour R in this case is: 
r=g+q. 


But by hypothesis r looks the same to the colour-blind eye as g; and 
since, in general, the amount q=r-—g is different from zero, the con- 
clusion is that the colour-blind eye cannot be sensitive to the colour Q at all. 

The point of intersection of the straight lines that are the loci of 
points corresponding to colour-mixtures that look alike falls therefore 
at the place of the colour which is missing in the colour sensations of 
the colour-blind eye. 

On Youne’s hypothesis this colour that is not visible to the colour- 
blind person is necessarily one of the fundamental colours; for if 
there were sensation for all the fundamental colours, no other colour 
sensation composed simply of these fundamental ones could be lacking. 
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Now when we try to discover those colours that look like white (or 
grey), they will be found to be those which for the normal eye are 
colours of the hue of the missing fundamental colour or of its comple- 
mentary colour, mixed with white in different proportions. For all 
these colours that look like white must lie on a straight line. But every 
straight line drawn through the point on the chart that corresponds to 
white contains on its two opposite sides colours of the same hue in 
different degrees of saturation. But the colours on one half of the line 
are complementary to those on the other half. Every line of this sort 
containing colours that all look alike must, however, as just proved, 
pass through the point where the missing fundamental colour is, and, 
consequently, must contain on one of its two halves colours of the 
same hue as the fundamental colour. In the experiments which the 
writer conducted with Mr. M. it was found that the same appearance 
as pure grey was produced by a red which corresponded very nearly 
to the extreme red of the spectrum in hue (88° of ultramarine and 322° 
of vermilion), perhaps leaning a little to the purple side, and by a 
corresponding complementary blue-green (59° ultramarine and 301° 
emerald-green). Maxwer.Lu has obtained similar results, namely, 
6 percent ultramarine and 94 percent vermilion for the red, and 
40 percent ultramarine and 60 percent emerald-green for the green. 
And, besides, as for normal eyes the red appeared much darker than 
the grey and green, with equal luminosity, there can be no more doubt 
that it is red, and not green, that is the missing colour. On Youne’s 
hypothesis, therefore, red blindness would be explained as a paralysis 
of the red-sensitive nerves. 

If a red not far from the extreme red of the spectrum is really one 
of the fundamental colours, the two others cannot be very far anyhow 
from the green and violet as chosen by Youne. 

The result of this would be that people who are red-blind are not 
sensitive except to green and violet and blue, which is a mixture of the 
first two. The red of the spectrum which seems to stimulate the 
green-sensitive nerves just alittle and the violet-sensitive nerves 
almost not at all, according to this, would have to appear to red-blind 
persons as a saturated green of low luminosity, containing appreciable 
amounts of the other colours mixed with it. Red of low luminosity 
which is still adequate to excite the red-sensitive nerves of the normal 
eye is, on the contrary, no longer adequate to excite the green-sensitive 
nerves, and therefore this sort of light appears black to red-blind 
individuals. 

The yellow of the spectrum will appear as brilliant saturated green, 
and doubtless it is just because it does give the saturated and more 
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luminous shade of this colour that the red-blind select the name of 
this colour and describe all these peculiar hues of green as being yellow. 

Green as compared with yellow begins to show an admixture of the 
other fundamental colours, being therefore indeed a more luminous 
but yet a pale shade of green, like that produced by red and yellow. 
According to SEEBECK’s observations, the most luminous part of the 
spectrum for red-blind individuals is, not in the yellow as for normal 
vision, but in the green-blue.! As a matter of fact, on the assumption 
that green stimulates the green-sensitive nerves most, as must be the 
case, the maximum of the total stimulation for red-blind persons will 
be rather towards the side of the blue, because here the stimulation of 
the violet-sensitive nerves increases. What a red-blind individual 
means by white is naturally a mixture of his two fundamental colours 
in some definite proportion, which looks green-blue to us; and therefore 
he regards the transitional shades in the spectrum from green to blue 
as being grey. 

Farther on in the spectrum the second fundamental colour, which 
ared-blind person calls blue, begins to predominate, because although 
indigo-blue is still rather pale to him, yet by its luminosity it appears 
to his eye to be a more striking representative of this colour than 
violet. Such an one can distinguish the difference of appearance 
between blue and violet. The subject H. who was examined by 
SEEBECK knew where the boundary came, but explained that he 
preferred to call violet dark blue. Incidentally, the blue hues must 
look to the red-blind pretty much as they do to normal] persons, be- 
cause with the latter also there is not much admixture here with red. 

All these colours of the spectrum must appear to the red-blind 
to have certain differences, even if they are less marked. Evidently 
therefore by paying more attention to them and by practice, they may 
even learn to call very saturated colours by their right names. But 
for paler colours the distinctions above mentioned must be too much 
for them, as they cannot get rid of the confusion. 

With respect now to the other group of colour-blind persons com- 
prised in SEEBECK’s first division, there are not yet sufficient observa- 
tions to enable us to define their condition perfectly. According to 
SEEBECK’s data, the difference between them and the red-blind is 
that they have no difficulty in detecting the transition between violet 
and red, which to all red-blind persons appears blue. On the other 
hand, they are confused between green, yellow, blue and red. Both 
classes confound the same hue with green, but individuals of SEEBECK’s 
first class choose a more yellow-green than red-blind persons do. They 


1In the yellow-green is more correct.—N. 
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are not insensitive to the farthest red, and the brightest part of the 
spectrum for them is in the yellow.! They also discriminate only two 
hues in the spectrum, which they call, probably quite correctly, blue 
and red. Accordingly, it may be conjectured that their difficulty 
is due to insensitivity of the green-sensitive nerves, but further in- 
vestigations on this point are desirable. 


Besides total insensitivity, of course, also there may occur all kinds 
of degrees of lowered sensitivity of the nerves of one sort or the other, 
with a resultant inability of discriminating colours to a greater or less 
extent. Cases have also been reported by Witson and TynpaLu 
where the trouble was not congenital, but appeared suddenly as a 
result of serious injuries to the head or eye-strain. 

So far as examination of colour-blind persons is concerned, naturally 
extremely little information can be obtained by asking them how 
they call this or that colour; for these persons are obliged to use the 
system of names to describe their sensations which has been devised 
for the sensations of the normal eye, and which therefore is not adapted 
for their case. It is not only not adapted because it contains the names 
of too many hues, but because in the series of colours in the spectrum 
the differences we speak of are differences of hue, but to colour-blind 
persons these are merely differences of saturation or of luminosity. 
Whether what they call yellow and blue corresponds to our yellow and 
blue, is more than doubtful. Hence, their replies to questions about 
colours are usually hesitating and perplexed, and seem to us muddled 
and contradictory. 

SEEBECK’s method of giving colour-blind persons a selection of 
coloured papers or worsteds with instructions to arrange them accord- 
ing to their similarity is much better, though still far from satis- 
factory. But the number of colour tests would have to be enormous 
in order to include the hues that are characteristic of the difficulty, 
in their precise admixture with white and of the right luminosity, so 
that it would be possible to formulate the complete equation for the 
colour-blind eye. But as long as it is merely a question of similarity, 
it will be hard to tell whether the difference is one of hue, saturation or 
luminosity. It is simply by accident, therefore, that a few definite 
results can be obtained. 

On the other hand, the colour top as designed by MaxweE Lh 
enables us to obtain quickly the requisite data with great accuracy, 
because it is easy to make a set of colours by mixture that to the 
colour-blind eye appear to be absolutely alike. Here the chief thing 
denoting the fundamental character of the trouble is to ascertain 


1A little towards the orange, about at wave-length 600up.—N. 
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what two colours are confused with pure grey as obtained on the colour 
top by mixing white and black. One of them, which in this case appears 
comparatively much darker to the colour-blind eye than it does to the 
normal eye, is the missing fundamental colour. At the same time it 
will be easy too to discover whether there is still some trace of sensi- 
tivity for the missing fundamental colour, or not. 

To test the theories here propounded, it will be necessary besides to 
determine whether every given colour, and especially the principal 
colours of the spectrum, can be compounded for the colour-blind by 
mixing two suitably selected colours. 

G. Witson has directed particular attention to the danger for 
navigation and railways that might be caused by not being able to 
detect coloured signals on account of colour blindness. He found on 
the average one colour-blind person in every 17.7 individuals. 


Lastly, one other thing must be mentioned: colours cannot be 
distinguished by the eye unless they occupy a certain extent of field, 
and unless a certain amount of coloured light comes to the eye. The 
farther the coloured field lies towards the borders of the visual field 
and of the retina, the larger it has to be for its colour to be recognized. 
If the coloured field is too small, it will look grey or black on a brighter 
background, and grey or white on a darker background. Yet it is 
possible also to recognize the colours of infinitely small fields, in case 
the amount of light emitted is finite. For example, the colours of the 
fixed stars may be distinguished. According to AUBERT’s experi- 
ments,! a blue square and a red square, each one millimetre along the 
side, looked black on a white background at distances of 10 and 20 feet, 
respectively. A yellow and a green square fused completely into the 
white background at a distance of 12 feet. On the other hand, when 
the background was black, the green and yellow squares looked like 
grey points 16 feet away, and the red square looked the same way 
12 feet away. Blue looked blue when it was seen at all. 

According to the same observer, the colour of coloured squares 
disappears at a distance of 200 mm on the average, for the following 
angular distances from the visual axis: 


Red Blue 
Side of square.......... Teall aA ees Salliteelt teed arene 
White ground.......... LOS 1951 261537 1591922 36.0492 
Blackgerounde. v1. ent 30 | 32 | 42 | 53 || 36 | 48 | 54 | 72 
AVera ee? amnpaee coat eee 23 | 26 | 34 | 45 || 26 | 35 | 45 | 61 


1 Archiv fiir Ophthalmologie. Bd. III. Abt. II. 8. 60. 
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Yellow Green 
aT 
Side of square.......... EP he es ese a UB eh ee Wl ee oF 
Wihite/ground sre... 21°| 31°} 44° 20°} 36°) 44°! 50° 
Black ground.........:. 30 | 32 | 49 | 47°|| 24 | 27 | 35 | 45 
Average . Seiatunstystra) 21 26 | 32 | 42 22 | 32 | 40 | 47 


Before the colours quite disappear, they undergo a change of hue 
similar to that produced by. increasing their intensity. Thus, red and 
green become distinctly yellow, blue seems to pass directly into grey- 
white, and in the purple mixtures of blue and red, blue predominates 
on the edges of the field of view. Purxinse had found that purple 
looked blue on the farthest edges of the field, and became violet as it 
was moved more into the field until it finally took its own colour. 
To the author pink likewise looks bluish or violet-white on the borders 
of the field. The last mentioned effect is most noticeable with mixtures 
of pairs of colours. For instance, if by the method to be described 
farther on a small coloured field is illuminated by simple red and 
green-blue so that it looks white in direct (foveal) vision, seen indirectly 
even a slight distance from the point of fixation, it looks green-blue. 
From these experiments it appears that the peripheral parts of the 
retina are more sensitive to blue and green than to red. To a certain 
extent, it approaches there the state of red blindness. 

Here also may be mentioned OppPEt’s experiment,! in which he 
found that an orange-yellow spot on a blue ground viewed from a 
distance looks brighter than the background, whereas viewed close 
by, where the blue extended more towards the borders of the visual 
field, it looks darker. 


Besides Youna’s colour theory, reference should be made to certain 
theories of colour mixture based directly on the undulatory theory of 
light. Attempts in this direction have been made by CHALLIS and 
Graiticu. The latter in particular has tried to develop this in a very 
laborious work. He investigates the compound vibratory movements 
of the aether particles resulting from two trains of waves of different 
wave-lengths, and computes the intervals of time during which the 
particles are on one side or the other of their positions of equilibrium. 
These intervals are, in general, different in the case of a compound 
vibration, whereas for a simple colour they are equal. Now GralILicu 
assumes that every displacement of the aether particles on one side of 
their positions of equilibrium produces the same colour impression 
as would be produced by that simple colour for which the displacement 


1 Jahresbericht des Frankfurter Vereins. 1823-1854. 8S. 44-49. 
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from the position of equilibrium lasts just as long. Thus, on his 
assumption, the compound wave motion stimulates different colour 
impressions in the eye in rapid succession which are combined into 
a single sensation; and, as a rule, this sensation is paler in colour in 
proportion as the number of different successive sensations is greater. 
The impression of white itself should be composed of the rapidly 
alternating impressions of the middle hues of the spectrum from 
yellowish green to orange. In the case of the compound waves there 
are vibration-frequencies also that are outside the range of the visible 
spectrum; and so GRAILICcH assumes that they produce the impression 
of purple. 

Gralicn’s calculations are based on the intensity-ratios of the 
colours of the spectrum of the flint glass prism as measured by Fraun- 
HOGER; and if GrarLicu’s last two assumptions are admitted, his 
results are in agreement with the writer’s experiments with the v- 
shaped slit on mixing the colours of the spectrum. However, it should 
be added that in these experiments the luminosity of the colours of the 
spectrum was by no means maintained unchanged, but that in most 
cases what was attempted was to produce those mixed colours that are 
equally far apart from their two primaries. 

Now in those cases where the amplitudes of the two colours are 
different, the result cannot be determined in advance by a general 
theory; and all that can be done is to calculate it for certain numerical 
examples, as Graiticu did. In each special case then the calculation 
gives a series of different colour impressions which have to succeed one 
another; and by following Gratruicu’s principles, the nature of the 
total impression may be estimated by them, but only in a pretty vague 
way. Bad for this theory, however, in the writer’s opinion, is the 
fact, that when the two trains of waves are supposed to have equal 
amplitudes, in which case the mathematical theory may be actually 
worked out, the agreement with experiences is very far wrong, as 
GraILicu himself admitted. Let , denote the wave-length of one 
train of waves and },, that of the other; and let x denote the distance 
of any point measured along the ray; then the displacement s of the 
aether particle from its position of equilibrium at any given instant will 


be: 
: Qn 2 
s= Asin (= a “) + Asin (= == ci) 


4? 
1 1 Ga—anG 1 1 Caan 
= 2Acos [=f ) +— <«] sin [ «=(— ST ~) 4+ —__" “| 
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This expression may be abbreviated by making the following sub- 
stitutions: 


Z 1 1 5 

i, it tas Ni UR ae Gir 
2 1 i 1 

—- icir>—— —_ — = fe 

l,, r, Nir Bt gs 


Thus we obtain: 


2rx 2rx 
s = 2Acos (= oF v,) sin (=+ v0) 5 


/ 


The distances of the points for which s =0 are easy to find in this case. 
‘ 4 2 
Thus the points for which the factor sin (= + vn) vanishes are at 


intervals apart equal to 3l,,; and those for which the cosine function 
vanishes are at much greater intervals apart, namely, 1. These 
latter points may be in between the others or they may coincide with 
them. In the latter instance, particularly, we should get by GRAILICH’s 
theory genuinely equal wave-lengths in the compound motion which 
would all produce the same colour impression; and even if the zero- 
points of the two factors did not fall together, the less frequent ones 
of the cosine factor could not essentially disturb the impression due to 
the shorter waves of the sine factor. But by GrarLicn’s own calculation 
the result of this is that violet and red would have to give green, 
although as a matter of fact they make purple-red. And on the whole 
the results for small differences of wave-length are in accordance with 
experience, but for large differences the discrepancies are considerable, 
since the value of /,, must always come between }, and \,, and must 
correspond to one of the middle hues of the spectrum. In the writer’s 
opinion, therefore, the assumptions in GRaArLicu’s theory will have to 
be considerably modified yet before it can be made to agree with the 
facts of experience, supposing the attempt is made to explain things in 
this fashion. 


The easiest way to mix simple colours of the prismatic spectrum, and at 
the same time to get all combinations of pairs of these colours, is to use a 
v-shaped slit like that shown in Fig. 24, which is inserted in a dark screen with 
its two arms ab and bc inclined at 45° on both sides of the vertical. This slit 
placed in front of a bright background is viewed through a prism with its 
refracting edge vertical. Thus, two spectra will be obtained, partly super- 
posed, as represented in Fig. 25 where a86,a, is the spectrum from the slit ab 
and 76,7, is that from be. The bands of colour in the first are parallel to ab 
and af, and in the second parallel to be and By, as shown by the dotted lines. 
In the central triangular field 868,, common to both spectra, all the coloured 
bands of one spectrum intersect all the coloured bands of the other spectrum, 
and thus at these places all mixtures are produced of all the pairs of simple 
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colours. If the widths of the slits cannot be altered, the relative amounts of 
the mixture can be varied by inclining the prism and thereby causing the 


Fig. 24. Fig. 25. 
spectra to have the forms shown in Fig. 26. The spectrum By8,y, in which 
the same amount of light-is distributed over a smaller area becomes brighter, 
while the other spectrum whose area is increased gets dimmer. 

Most of the results mentioned above can be found by this method. But 
it is difficult to form accurate judgments of the mixtures, particularly the 
paler ones, first, because 
the single colours take 
up too much room, even 
when a telescope is used, 
and, second, because a 
number of other bril- 
liant colours are near by 
in the field of view, and 
the contrast effects al- 
ter the appearance of 
the less saturated col- 
ours. . 

These disadvantages sa 
are avoided by another method, which requires a more complicated apparatus, 
as shown in plan in Fig. 27. Sunlight is reflected by a heliostat through a 
vertical slit into a dark room. The beam of l'ght is made to pass through a 
prism P and an achromatic lens L;. In the focal plane of this lens there is a 
screen S,, on the front side of which an objective spectrum is projected. 
Between lens and screen there is a rectangular diaphragm D. There are two 
vertical slits in the screen y, and y,, which let through two coloured bands of 


Fig. 27. 
the light that is converged here in the spectrum; while all the other coloured 
light is retained on the screen. Beyond the screen there is another achromatic 
lens L,, of shorter focus, which projects on a second screen S,, an image 6,6,, 
of the diaphragm D. The width of the incident beam of white light is a,a,,. 
Beyond the lens L, the outside rays of the two bundles of coloured rays whose 
fccal points are at the two slits y, and y,, are shown by dashed lines for the 
more refrangible light, and by dotted lines for the !ess refrangible. The opening 
in the diaphragm D must be made so narrow that it is completely filled by 
rays of both bundles, so that from every point in the aperture rays of the 
given colour go to every point in the slits y, and y,,. If the anterior side of the 
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diaphragm is painted white, the beam of light will be projected on it as a white 
spot with coloured edges (blue at ¢,, and red at «,,.) To fulfil the required 
condition, the opening in the diaphragm must be wholly in the white centre 
of the illuminated place. Under these circumstances, the opening is, so to 
speak, the luminous object which sends two kinds of light through the slits 
in the screen S, to the lens L,,. Light of both kinds will thus be uniformly 
distributed over the image 6,6,, of the diaphragm projected by the lens on the 
farther screen; and hence this area will be coloured by a mixture of the two 
kinds of light. By screening off one of the slits, the image can be made to show 
up in one of the two simple colours that are to be mixed. 

To enable the investigator to vary the hue and intensity of the mixture 
very gradually, just as he chooses, a special construction of the screen S, will 
be needed, as depicted in detail in Fig. 28. The screen itself is a rectangular 
brass plate A ABB supported at C by a cylindrical rod, which is fitted in an 
upright split tube D. This tube is mounted on a baseboard or tripod with 
three leveling screws. The screen can be raised or lowered by its holder C and 
clamped at any conven- 
ient height by means of 
the collar and thumb- 
screw at EH. The brass 
plate AA BB carries two 
bed-plates aa and aa that 
can be displaced on it in 
a diagonal direction be- 
tween the guides bb, 68, 
c and c, by means of the 
thumb-screws d and 6, 
which work in nuts e and 
e that are fastened to the 
plate AABB. The ends 
of these screws turn in 
the blocks g and y which 
are attached to the sli- 
ders aa and aa. The sli- 
der aa in its turn carries 
another slider f that can 
be adjusted between a 
pair of parallel guides by 
means of the screw m; 
and likewise the slider aa 
carries another slider ¢ 
which is adjusted in the 
same fashion by means 
of the screw nu. Between 
the parallel edges of the 
plates f and ¢ that are 
nearest to each other 
there are also the two 
small triangular pieces 
land i, the former being 
fastened to aa and the Bu 2 
latter to aa. The adja- Fig. 28. 
cent parallel knife-edges } ; 
of f and J and of ¢ and } form two pairs of GravESANDE slits (cf. Fig. 11). 

A corresponding portion of the large plate AABB behind the slits is_re- 
moved in order to let the light pass through them and go on its way. The 
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front sides of f, 1, g and ) are tarnished with a rough surface of silver to receive 
the projection of the spectrum. The position of the spectrum is indicated by 
the little dotted rectangle. . 

By shifting the plates aa and aa by means of the screws d and 6, the slits 
can be transferred to other places in the spectrum to let light of other hues go 
through them. The widths of the slits themselves can be adjusted by the 
screws m and pu so as to regulate the amounts of the transmitted portions of 
light. 

‘ The main thing is that the focus of rays of a given colour, after they have 
traversed the lens L,, shall be exactly in the plane of the screen S,; otherwise, 
the colour-field on the screen S,, will show different hues from right to left. 
The slits must be parallel to the dark lines in the spectrum, which can be 
accomplished by means of the leveling screws in the base-board of the screen. 
Moreover, both lens and prism must be carefully cleansed of any spots that 
might make patches in the colour-field. Newron’s rings may easily be formed 
between the two parts of the achromatic double lens L, and be projected on the 
colour-field; but this can be prevented by using Canada balsam between the 
two components of the lens. However, the farther the diaphragm D is away 
from the lens L,, the more confused will be the image of spots and imperfec- 
tions in the glasses, and the less troublesome they will be. Therefore, the 
disposition of the apparatus as sketched here is better than that which the 
writer has described elsewhere. : 

In this method the extent of the field is larger than it was in the first one, 
and all the other colours that might give trouble by contrast effects are re- 
moved. However, in numerous instances there are still a number of handicaps 
that make it hard to form a calm, sure judgment of the mixed colour. In the 
first place, the colour dispersion of the eye itself is much more noticeable for 
combinations of just two simple colours that are far apart than it is with 
white light (see Vol. I, p. 175). And so the margin of the colour-field may 
easily show one of the two simple colours while the other one predominates 
in the centre. Then with some white mixtures, particularly in the case of 
white made from red and green-blue, the eye is extraordinarily sensitive to 
the smallest admixtures of one of the original colours; so that the slightest 
irregularities in the apparatus, or possibly after-images that may be in the eye, 
especially with higher luminosity, can be very disconcerting. In this connec- 
tion, also, differences of impression between the central and peripheral parts 
of the retina are very pronounced. Comparatively speaking, it is easiest to 
make white with yellow and indigo, harder to make it. with yellow-green and 
violet or with golden yellow and water-blue, and hardest of all to make it with 
red and green-blue. 

The way the writer determined the wave-lengths of the pairs of comple- 
mentary simple colours was by removing the lens L,, and the screen S,, and 
using a telescope to see the slit in the screen S, at some distance away. A glass 
plate with fine, equidistant vertical lines ruled on it was inserted in front of 
the object-glass. Then diffraction-spectra of the slits will be seen; their 
apparent distances from the corresponding slits being proportional to the 
wave-lengths. Therefore, all that is necessary is to measure in the same way 
the distances of the diffraction-spectra for one of the dark lines in the spec- 
trum, for which the wave-length has been found by FrauNHOFER, in order to 
calculate immediately the wave-lengths of the two mixed colours concerned. 


The simplest way of mixing the coloured light of pigments and other 
natural bodies is as follows. At some distance (1 foot) above a black 
table-top, adjust a small plane-parallel plate of glass a in a vertical plane 
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which meets the top of the table in a point designated by d in Fig. 29. 
An observer looking obliquely downwards through the glass plate will see 
a portion of the table on the far side of d by means of light that is trans- 
mitted through the plate to his eye; and 

at the same time he will see another 

portion of the table on the other side of 

d by means of light that is reflected from xe Ror s 

the plate into his eye. The two fields aes 
are thus apparently coincident. Suppose fees 
now that two coloured wafers are placed vale ms 
at b and c at equal distances on opposite / 
sides of d; then the reflected image of c f ' 
will coincide with b. The coloured light / \ 
from c is reflected from the anterior side b e 

of the glass plate along exactly the same Fic. 29 

path to the eye that is pursued by the Tahoe 

coloured light from 6, so that the two kinds of light are mixed in the eye at 
o; and therefore the common image of b and c which the eye gets must be 
seen in the mixed colour. The relative intensity can be regulated by shifting 
the two wafers; the closer they are to d, the more intense will be the reflected 
light that comes from c and the less intense will be the transmitted light that 
comes from b. 

In this way too light may be used for mixing that has been filtered through 
coloured glasses or liquids. Apertures can be made in the table-top bc to let 
the light pass for this purpose. Thus, also, the light of the blue sky reflected 
by a mirror can be mixed with that of chrome-yellow and proved to give a 
reddish white like that obtained by mixing ultramarine and chrome-yellow; 
showing that sky-blue, therefore, is a pale indigo-blue and is not the same as 
the less refrangible so-called cyan-blue in the spectrum. 

This last method is preferable in one respect to the method of mixing 
colours on the colour top, because the pale mixtures we get in this way are 
not grey but white. The colour top will be described more in detail in §22. 
Among other methods of mixing coloured light, an experiment of VOLKMANN’s, 
in which he looked at coloured surfaces through coloured fabrics held close to 
his eye, deserves to be mentioned. However, it is hard to get a very uniform 
mixture of the two colours in this way, and the transparency of the fibres 
themselves is a difficulty, because to some extent it is like looking at a coloured 
surface through a coloured glass. CzerMak adapted ScHEINER’s experiment 
by looking through two stenopaic openings in a screen which were covered by 
glasses of different colours. As long as the objects were seen single, they 
appeared also in the mixed colour. HoLtTzMANN caused light that was diffusely 
reflected from two pieces of coloured paper to fall on a sheet of white paper. 
CHALLIS mentions some experiments, which incidentally had already been 
tried by Mie; in which papers with bands of different colours painted on 
them were observed from such a distance that the bands could no longer be 
separately recognized. Lastly, Dove has described methods of mixing colours 
produced by interference and absorption. He used silvered mirrors made of 
coloured glasses. The anterior surface of a mirror of this kind gives polarised 
white light, while the posterior surface gives unpolarised light coloured by 
absorption. When the light thus mixed is passed through a mica plate and a 
Nico prism, the latter kind remains unchanged. But the polarised white 
light is so coloured by interference in the crystal between the ordinary ray 
and the extraordinary ray that it corresponds to one of the shades of colour 
in NewrTon’s coloured rings. The two kinds of light are mixed when they 
enter the observer’s eye. 
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The theory of colour-mixture originated from the experience of painters 
in mixing pigments. Pxiny tells us that the ancient Greek painters knew how 
to prepare all colours with four pigments, although in his day, when there 
were many more materials available, it was not possible to get as many 
different effects as formerly. And even in the celebrated fresco, The marriage 
of the Aldobrandini, dating from Roman times, the profusion of pigments is 
very small, as Davy’s chemical investigations showed. (See G1LBERT’s Ann. 
LII. 1.) Besides black and white, which, however, are not colours in the 
peculiar sense, LEONARDO DA VINCI names four simple colours, yellow, green, 
blue and red; but in another place he speaks also of orange (léonato) and violet 
(morello, cioé pavonazzo) as being needed in painting. It is curious that he in- 
variably reckons green as being a simple colour, knowing that it could be 
mixed; because by his own definition simple colours were such as could not be 
mixed. Could he have observed that unmixed green is much more vivid than 
mixed? Before NewrTon’s time the three fundamental colours were commonly 
assumed to be red, yellow and blue. This is mentioned by WALLER, in an at- 
tempt at classifying colours and pigments, as being at that time a generally 
accepted scientific fact. The fact that three fundamental colours were found 
to be sufficient implies already the discernment of the truth that the character 
of a colour is a function of only three variables. Experiences with mixed pig- 
ments exercised the most decisive influence on the choice of the fundamental 
colours, which not until long afterwards Wtnscu and Younc tried to change. 
It was supposed that green could be made from yellow and blue. This is true 
with respect to pigments, but not for coloured light. 

Newton was the first to mix the light of different colours in the prismatic 
spectrum; but in conjunction with this method he used mixtures of coloured 
powders to get the law of colour-mixture, and did not attach much importance 
to the differences between the two processes, although he seems to have per- 
ceived them to some extent. He did not have the experimental facilities for 
tracing the facts more accurately. He states that only a pale green can be 
obtained from subflavwm and cyaneum (that is, from greenish yellow and 
cyan-blue). Nrwton was the first too to formulate a more exact expression 
of the law of colour mixture, as it was he who traced it back to the graphical 
method and centroid-constructions that have been explained above. His 
law tallied with the available experimental data, and he did not try any more 
exact test. His colour circle was a development of the system of three ob- 
jective fundamental colours; but as to the insufficiency of the latter system 
he has not anywhere expressed any opinion. 

On the other hand, most of the later physicists, in their efforts to arrange 
the system of colours, returned to the notion of three fundamental colours; 
for example, Lz Buonp (1735), pu Fay (1737), Topras Mayer (1758), J. H. 
LaMBERT (1772), D. R. Hay and J. D. Forsus. Usually, their colour-systems 
were carried out practically by mixing given pigments in given proportions 
by weight. Mayer used vermilion, royal yellow (lead chromate) and moun- 
tain-blue (cobalt glass); and LAMBERT used carmine, gamboge, and Prussian 
blue (iron ferri-ferrocyanide). The latter also determined the saturation- 
ratios of these pigments, by finding the weights in which they had to be mixed 
in pairs to produce a mixed colour which was equally far from the colours of 
its two constituents. He found it was necessary to take 1 part of carmine, 
3 parts of Prussian blue and 10 parts of gamboge. He chose these weights then 
as units for making the mixtures. Incidentally, mixtures of pigments so far 
apart from one another always turn out to be rather unattractive and grey. 
__ Later observations, which, in circumstances where mixing of coloured 
light was to be expected, gave results that differed from the previous rule, 
were made by PLATEav in 1829 with the colour top and by VoLKMANN in 
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1838 on blurred images; without leading, however, to a closer investigation 
of the discrepancy. The author’s own experiments on mixing the colours of 
the spectrum resulted in his finding out that a mixture of light and a mixture 
of pigments were two different things; and he tried to find the reason for it. 
In these experiments the colours of the spectrum were mixed by means of the 
v-shaped slit, and white was not obtained from any other pair of colours except 
yellow and indigo-blue. This contradicted Newron’s law of mixtures and led 
GRASSMANN to make a more minute examination of the principles of this law. 
The writer’s improved method of investigating the mixtures ‘of the colours of 
the spectrum removed the apparent contradiction of Newton’s rule so far 
as it related to the centre-of-gravity construction; but on the other hand, in 
spite of GRASSMANN’s arguments, the circular form of the colour-field was 
left as a question that was still debatable. Finally, the principles of Newron’s 
law of mixture were experimentally confirmed by MaxweEtt in 1857. 

Youna’s theory of the colour sensations, like so much else that this 
marvellous investigator achieved in advance of his time, remained unnoticed, 
until the author himself and MaxweE.u again directed attention to it. It is 
sufficient to assume that the optic nerve is capable of sensations of different 
kinds, without trying to find out why the system of these visual sensations 
is just what it is. 
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Supplement by HEtmHOo.tTz, from the first edition 


J.C. MAxweELu carried out an important series of experiments 
on mixture of spectral colours, for the purpose of determining the 
hues of the three fundamental colours and the form of the three 
intensity-curves, Fig. 21, which in Youne’s theory express the intensity 
of the separate fundamental colours for each place in the spectrum. 
In his method white light was admitted in a dark box through three 
slits whose width and position could be altered. The light then tra- 
versed a couple of prisms and was focused on a screen by a lens, where 
consequently three partially overlapping spectra were produced. 
Aslit in this screen permitted a mixed colour to proceed through it to the 
observer’s eye. Looking through the slit, the observer saw the surface 
of the lens uniformly covered by the given mixed colour. The same 
white light was admitted through another section of the box, but in 
this case it did not pass through a prism. A mirror of black glass was 
adjusted so as to reflect this white light also to the observer’s eye, 
so that he would see it as a white field right by the lens. His problem 
was to vary the adjustments and widths of the three slits which 
were responsible for the light resolved by the prisms until the mixture 
of the three prismatic colours gave a perfect match with the white 
light reflected by the mirror. 

Subsequently, MaxwELu gave the apparatus a more convenient 
form by causing the light after it had passed through the prisms to be 
reflected back through them by a concave mirror. Thus the whole 
contrivance can be made shorter, and the observer can sit so close 
to the slit that he can adjust it himself, which is a great advantage. 
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The fundamental colours selected by MAxwELu were: (1) a red 
between the FRAUNHOFER lines C and D, twice as far from D as from C; 
according to our previous colour notations, this would be a scarlet-red 
tending to orange; (2) a green near the line E; and (3) a blue between 
F and G, twice as far from G as F, about where cyan-blue changes to 
indigo-blue. 

In one set of observations, from time to time white was made again 
with these three colours, the required widths of the slits being noted, 
so as to verify in this way the unchanged mixture of the normal white 
light. The amounts of light necessary for this were measured by the 
widths of the slits. Between these tests white was made by mixing each 
pair of fundamental colours with some arbitrary third colour, the 
place of this third colour in the spectrum, along with the widths of the 
three slits, being noted on a scale placed near them. 

If the white remained sufficiently constant, a set of colour-equations 
was obtained in this way, by which, the positions of the chosen three 
fundamental colours on a colour-chart being arbitrarily taken, the 
corresponding places of the observed colours of the spectrum could 
be found. Thus, by actual experiments, the form of the curve in Fig. 22 
was obtained, which, as there represented, is simply a rough estimate. 
The curves traced by MaxweE.t and his assistant enclose the perimeter 
of the triangle ARV very much more nearly than is the case in Fig. 22, 
two portions of the curve being almost straight. Its most marked 
bendings appear, therefore, to be nearest the vertices of the complete 
colour-triangle about corresponding with the aforesaid three funda- 
mental colours. But the results obtained by one of the observers made 
the blue fall more towards the end of the spectrum, whereas those of the 
other observer made the red fall more towards the end. But it was 
precisely in case of the faint extreme colours of the spectrum that 
observation was difficult. Another difference between MaxweE.w’s 
projections and Fig. 22 is that the colour curve with its two ends in 
the red and violet appears to lie along the third side of the triangle. 

On page 129 the writer stated as the result of actual experiments 
that the mixture of two colours of the spectrum is invariably rather 
paler than the simple colour in the spectrum that comes nearest to 
it in hue; but Maxwe.u’s result doés not entirely agree with this. 
If the above were correct, it would mean that the colour curve cannot 
have straight portions anywhere; for colours lying on a straight line 
can be obtained by mutual mixtures with one another. The explanation 
of the contradiction between MAxwELu’s results and those of the 
writer may be that the relative change of hue is necessarily greatest 
right at the borders of the colour triangle; hence, although the con- 
vexity of the sides of the triangle (which is not definitely shown to 
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exist in MaxweELL’s more indirect method of investigation) may be 
very slight, so that there is very little difference between the chord 
and the are, still the colours that lie along the chord may be appreciably 
different in appearance from those on the arc. 

Moreover, from the results of his experiments Maxwe.u calcu- 
lated the amounts of the three fundamental colours chosen by him 
that were present in the individual colours of the spectrum; and by 
these data he constructed curves corresponding to the schematic 
curves shown in Fig. 21. His curves have rather sharper peaks than 
those, and the red curve ascends again at the violet end of the spec- 
trum, and the blue curve ascends a little at the red end. 

Experiments like MAxweE.u’s should be made to see whether it 
is possible actually to make perfectly pure spectrum yellow from 
yellowish green and golden yellow, perfectly pure spectrum violet 
from the extreme red and indigo-blue, etc.; so as to determine still 
more directly from these results the contour of the spectrum colour 
chart. Incidentally, the mixtures of the spectrum colours that gave 
white were not precisely the same as found by MaxweE tt and his as- 
sistant. Each insisted that what was white for the other was not ex- 
actly white for him. Also, the curve of brightness, as obtained by 
MaxweE tt himself, showed more of a drop in the region of the F line 
than the other observer found. MaxweE zt thinks it probable that this 
was due to different degrees of pigmentation of the yellow spot, as 
the yellow pigment (see §25) seems to absorb especially the light of 
the line F. Hence, white mixtures that contain this particular kind of 
blue, do not look white any longer even in indirect vision; as the writer 
himself had likewise previously noticed. (See p. 160.) 

Thus, for different individuals the spectral lights have to traverse 
layers of yellow substance of different degrees of intensity in order to 
get to the central parts of the retina, and hence the effect must be 
different in different cases. This explains why the colour triangles for 
two different persons show variations in the distribution of colours 
such as would occur when the units of luminosity of the three funda- 
mental colours were varied. These units, by the way, are determined 
arbitrarily. Thus in MaxweEtu’s eye the red effect was comparatively 
greater and the blue comparatively weaker than in the other observer’s 
eye. 

ScHELSKE finds also that the colour sensations produced by steady 
currents of electricity may be compounded with objective colours, and 
that the results are similar. The ascending current admixes a bluish 
violet light with the externally visible colours, whereas the descending 
current removes some of this colour from them. In fact, colour matches 
can be made with two colour discs, whose images are formed on two 
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halves of the retina that are traversed by a current in opposite direc- 
tions. 

The red blindness in the periphery of the visual field, mentioned on 
page 154, has been studied more closely by ScuELskr. He made colour 
matches for the peripheral parts of the retina between a yellow-blue 
mixture and red or grey or green. The colours of the spectrum in 
indirect vision were such that the region of the F line looked almost 
white, and the violet dark blue, while the intermediate portion ap- 
peared blue. On the other side of the F line, the appearance was green, 
until for the farthest red it was very faint and colourless or greyish. 

Numerous observers have confirmed the fact that all colours that 
can be discriminated by a colour-blind eye may be compounded out 
of two fundamental colours. However, these experiments have not 
as yet established more definitely which one of the fundamental colours 
is missing, because experiments with coloured dises at different times 
and with different individuals give quite variable results. Sometimes 
change of the external illumination or light reflected from coloured 
objects or from the walls of the room may have much to do with the 
matter, as not only Maxweuu but E. Rose also has noted. The 
pigmentation of the yellow spot caused too just the same sorts of 
differences in colour-blind persons as were found by MaxwerEtLu in 
healthy eyes. This absorption in the yellow pigment does not alter 
simply the luminosity of the colours on the painted colour disc, but it 
alters their combinations also. Thus, assuming that the positions of 
the two real fundamental colours and of black are fixed in the colour 
triangle, the colours on the disc will have different positions depending 
on the intensity of the pigmentation of the eye. But if definite positions 
in the triangle are assigned to three of the pigment colours considered 
as being fundamental colours, then, conversely, the real fundamental 
colours and black will be found to have different positions for different 
individuals. Variations of this kind in the position of black have been 
observed by E. Rose in colour-blind persons even when the tests 
were all made at the same time and under the same external condi- 
tions in every respect. He inferred therefore that Youna’s theory 
could not be correct. But the supposed contradictions admit of simple 
explanation on the basis of the given conditions. Ross himself states 
that constant matches could not be obtained unless the colour-blind 
persons always fixed the same place on the colour disc; the colour match 
being different for many of them every time the fixation-point was 
changed. This shows the difference in the colour sensation produced 
by the pigmentation of different parts of the same retina. 

Cases of incomplete colour blindness also occur, as described by 
Mr. GuapsTone and as found also by Mr. Hirscumann in the author’s 


141, 142.] §20. The Compound Colours 169 


laboratory in the case of a student. In this instance the admixture of 
quite large amounts of red in a colour was not noticed; although beyond 
a certain limit it was perceived. Leaving this out of account and 
considering such an eye as being totally red-blind, we cannot expect 
that its colour matches will agree exactly with the theoretical require- 
ments. 

E. Rose’s experiments made by daylight located the black point 
near that of scarlet-red more towards its bluer side; which agrees with 
MAxwELL’s result and that of the writer’s. But in most of Rosnr’s 
observations with artificial illumination he used a kerosene oil lamp, 
which is rather unfortunate perhaps, because this light is compara- 
tively poor in blue rays, especially when the flame varies owing to 
variations of the supply of air. Now as colour-blind folks lack the red 
sensation, and as the amount of blue in the flame itself is very slight 
and variable, this being true also with respect to the more refrangible 
blue which is particularly liable to absorption in the pigment of the 
yellow spot, the result is that with this illumination green must be 
by far the most predominant colour for red-blind persons; and hence 
it is not surprising that under these circumstances the colour matches 
made by different colour-blind observers even in the same evening 
were not very concordant. In every case the position of black in 
the colour triangle was located between blue and red, but, being 
dependent on the feebleness of the blue, it was nearer the position of 
blue than it was with daylight illumination. 

E. Rosk’s experiments, therefore, are quite inadequate to shake 
the validity of Youna’s theory. 

Some of the methods which this same observer used for investi- 
gating colour blindness deserve to be mentioned. In the first place, 
interference spectra were produced by ruling fine parallel lines on a 
plate of glass through which the patient looked at an illuminated slit. 
The series of spectra on each side of the slit that are obtained in this 
way are quite familiar. But the first of these spectra is the only one 
that is entirely isolated from the others, and the red of the second 
begins to overlap the violet of the third. The red end of the spectrum 
is shortened for colour-blind persons, and so they see the second 
spectrum too as separate from the third. However, naturally much 
will depend here on the intensity of illumination of the slit. But for a 
preliminary idea of the peculiarity of an eye under examination this 
procedure appears to be quite useful. 

In the second place, instead of using the colour top, which takes 
much time and patience to adjust properly, E. Ross hit on the happy 
idea of employing the colours of quartz plates with polarised light. 
The instrument, called a colorimeter, consists of the following parts 
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arranged in order in a tube: A Nicox prism A, a rectangular slit B, 
a double refracting prism C, a quartz plate D 5 mm thick, and a 
second Nico.’s prism E; then the eye of the observer. The latter sees 
two images of the slit B, projected close together by the double 
refracting prism C. In consequence of the rotation of the plane of 
polarisation by the quartz plate, the two images are exactly comple- 
mentary in colour, and their colours may be altered by turning the 
Nicou prism A. Without changing the composition of the colours, 
their luminosity may be varied by turning the other Nico. prism E. 
This prism is needed to make both images equally bright. With a 
quartz plate of the given thickness, a normal eye cannot get any 
colour match, but a red-blind eye may do so. The colours that are 
found to match in this case are red and blue-green; but even here 
different red-blind persons make somewhat different matches. By using 
thicker plates of quartz or a set of several plates all rotating the plane 
of polarisation the same way, and adding also a plate of variable thick- 
ness composed of two prisms, as employed in SOLEIL’s saccharimeter, 
the apparatus can be used also for making colour matches with the 
normal eye, as one white can be made from red, green and violet and 
another white from yellow and blue. But even with this arrangement, 
as was to be expected from MaxweE .v’s experiments, a difference was 
found to exist between Dr. HirscHMANN’s eye and the writer’s eye, 
neither of which was colour-blind. 


Incidentally, by using santonin a healthy eye may be made tem- 
porarily blind to violet. From 10 to 20 grains! of sodium santoninate 
is about right to get quick action that does not persist too long. The 
change begins in 10 or 15 minutes and lasts several hours. It is accom- 
panied by nausea, great lassitude and visual hallucinations, so that 
there are attendant hardships in this experiment. Animals are killed 
by larger doses. Persons under the influence of santonin see bright 
objects as green-yellow, whereas dark surfaces appear to be covered 
with violet. The violet end of the spectrum disappears. Their 
colour system is dichromatic or at least approximately so. Experi- 
ments made with the quartz plate indi¢ated that for moderate intensity 
of illumination colour matches could be made by such persons with only 
two fundamental colours, but not when the intensity of illumination 
was higher. But the matches that were obtained did not last long, 
and the condition varied continuously in a quite noticeable manner. 
Yellow and violet compound colours were declared to be alike. The 
disc of the optic nerve, as viewed by the ophthalmoscope, was not 
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coloured yellow, and hence there was at least no appreciable yellow 
stain present in the ocular media. On the other hand, the blood-vessels 
of the retina were much gorged. 

Interpreting these phenomena on the assumptions of Youna’s 
colour theory, we should infer that the inherent sensibility of the 
violet-sensitive nerve-fibres has not been lost, but that the terminal 
organs (cones of the retina) have become insensitive to the action of 
violet light. Thus violet and blue light ceased to affect the eye, not- 
withstanding all darker objects appeared to be violet; which was 
evidently due to internal causes of stimulation. It reminds one of the 
green appearance of all dark surfaces when a red glass is held close up 
to the eyes. It is hard to tell whether there is just the ordinary degree 
of internal retinal stimulation in the santonin poisoning or a higher 
degree of it. Indeed, it is a question whether it is not simply here a 
matter of stimulation of the violet-sensitive fibres by the santonin, 
which lowers the sensitivity of the eye to objective violet light by 
fatiguing it, and thus produces an incomplete violet blindness. 

The change in the objective colours may be considered on the whole 
as violet blindness. Whether the fluctuations of judgment as observed 
by E. Rose both with colour discs and with polarisation-colours of 
quartz are due to the variable injection of blood in the retinal vessels, 
which might act to some extent like a coloured absorbing medium, 
cannot yet be decided from the experiments. 

Here also, just as in the case of persons who are naturally colour- 
blind, it is possible to suppose that the power of the nerve-fibres to 
function has not been abolished, but that the form of the intensity 
curves (Fig. 21) for the three kinds of light-sensitive elements has been 
changed; in which case there might be then a much greater variability 
in the appearance of objective colours to the eye. In favour of this 
idea, it may be mentioned that in santonin poisoning, as was noticed 
several times by E. Ross, red and yellow light were seen, but taken 
for violet, as if the cones of the violet-sensitive fibres had become 
similar to those of the red-sensitive fibres in their reaction to light. 
On the other hand, according to HtRSCHMANN’s observations, it appears 
sufficient to explain this phenomenon by the diffusion of subjective 
violet light over the whole field of view, which is one of the effects of 
santonin. 
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§21. On the Intensity of the Light Sensation 


The intensity of the objective light itself is measured by the kinetic 
energy of the aether vibrations; which for monochromatic simple 
polarised light is proportional to the square of the maximum velocity 
of the particles. When the light comes from different sources or is 
polarised in different planes, the total intensity is equal to the sum 
of the separate intensities. 

We shall inquire, first, how the intensity of the light sensation is 
affected by changes in intensity of the objective light, without any 
change of colour. These relations may be studied with white light. The 
behaviour of pure coloured light in this respect is in no wise different. 

The first thing is to show that the smallest perceptible gradations 
of the light sense do not correspond to equal changes of objective 
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luminosity. Let the luminosity of a white surface illuminated by a dim 
light be denoted by h. Now interpose an opaque body that casts a 
shadow on the surface so that the parts of it in the shadow do not get 
any light from the source. Then add a second light which by itself 
would produce the luminosity H; which may be varied by varying the 
distance between the surface and the second light. Then the objective 
luminosity in the shadow is H, and outside the shadow it is (H +h). 

Now if the luminosity H is very low, the eye will detect the shadow, 
that is, it will distinguish between the luminosity H and the luminosity 
(H+h). But no matter how great h may be, it appears that there is 
always a higher luminosity H for which the shadow is invisible; for 
which, therefore, the difference h in the objective luminosity no longer 
produces any perceptible increase of sensation. 

A light equivalent to moonlight makes a perceptible shadow on 
white paper; but if a good lamp is brought near the paper, the shadow 
disappears. Again, the shadow made by the lamplight disappears in 
sunlight. Indeed, the luminosity of the surface of the flame of a bright 
oil-burner with a circular wick can hardly be distinguished by the 
eye from double the luminosity. A flame of this sort is transparent 
enough to show this, as may be easily seen by looking at its faint image 
reflectedin a plate of glass, and then shoving a second flame behind the 
first. The outlines of the latter can be quite distinctly recognized. 
But if both flames are viewed by the naked eye, the farther one will not 
be seen through the other, at least not through its brightest part; 
unless, perhaps, the intensity of the sensation gets blunted by looking 
at the lights too long. It is just as hard to tell by the naked eye that 
the edge of the flame as seen lengthwise through the glowing film of 
gas is very much brighter than the middle where the film:is least deep; 
but it is easy to see this by looking at the image of the flame reflected 
in a plate of glass. The same explanation applies also to the disappear- 
ance of the stars in the daytime, and to the disappearance of images in 
a glass plate when it reflects other light, etc. 

So far the difference of luminosity has been kept constant while the 
absolute value of the total luminosity has been varied; but we may 
also let the difference increase in the same proportion as the luminosity. 
Suppose a drawing is made on a transparent plate of glass in very dilute 
black india ink; or suppose the plate is covered with a thin film of 
lampblack and lines drawn on it; or, best of all, suppose we have a 
photograph made on transparent glass, with soft shadows in some 
places and deep ones in others. If a diagram of this sort is held against 
a bright background of steadily increasing luminosity, the soft shadows 
will be found to be invisible when the luminosity is low; and then as 
the luminosity gradually increases, they will begin to be seen and con- 
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tinue at about the same degree of distinctness for quite a time, until 
finally they begin to disappear again. The deeper the shadow in the 
picture, the less is the luminosity that is needed to make it show up, 
and the higher it must be to make it disappear. Now the difference 
between the luminosity of the bright portions and that of the shaded 
portions is a definite fraction of the total luminosity. If the luminosity 
of the bright portions is denoted by H, the luminosity of the shaded 
portions may be put equal to (1—a)H, where for a given place on the 
drawing a denotes a constant proper fraction. Thus the difference of 
luminosity between the part of the drawing under consideration and the 
bright background, which is equal to aH, increases or decreases along 
with the luminosity H. Therefore, notwithstanding that with increasing 
luminosity the differences of absolute luminosity between the various 
shaded parts of the drawing become greater, there are no longer 
perceptible differences of sensation corresponding to the variations of 
the light itself. Hence there must be certain medium degrees of 
intensity of illumination for which the eye is most sensitive to a small 
percentage variation of the total luminosity. These are the degrees of 
illumination ordinarily used in reading, writing and working that are 
convenient and agreeable to the eye; ranging, therefore, from about 
that luminosity at which reading is feasible without difficulty to that 
of a white surface illuminated by direct sunlight. Within these limits 
of luminosity where the sensitivity for fractional differences reaches its 
maximum, the degree of sensitivity is also nearly constant; as is 
characteristic in general of the gradual mode of variation of a continu- 
ous function in the neighbourhood of its maximum value. This is 
apparent even in ordinary observation of such objects as paintings and 
drawings, where there are numerous gradations of shadows. They are 
about as easy to discern by candlelight as in broad daylight; so that 
usually nothing new in the way of objects and nuances is revealed 
in the picture by bright illumination that was not visible before when 
the illumination was dim. Thus, FecHNER remarked that when bright 
objects like the sky and sunlit clouds are viewed through dark grey 
glasses, none of the gradations of shadow disappear that were visible 
before, nor do new ones make their appearance. More accurate 
photometrical measurements confirm these observations. In general, 
such measurements indicate that for very different degrees of lumin- 
osity the difference of luminosity that can just be made out is nearly 
the same fraction of the total luminosity. The way that Bouaurr and 
FEcHNER tried to find out the amount of this difference was by illu- 
minating a white screen by two equal candles, so that when a rod was 
placed between the screen and the candles there were two shadows 
of it on the screen. ‘Then one of the lights was moved away from 
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the screen until the shadow it made ceased to be visible. Suppose 
the distance of the nearer candle from the screen is denoted by a, 
and that of the farther candle by 6; then the intensities of illumination 
of the screen due to the candles are about in the ratio a?:b?. BouGcuErR 
found that one of the lights had to be about 8 times farther than the 
other for the shadow to vanish. FrcHNneER, aided by VoLKMANN and 
other observers, found that the distance of one of the candles was 
about 10 times farther than that of the other. Thus, Boucurr could 
just discern a difference amounting to 1/64 of the total luminosity, 
whereas FECHNER’s associates discerned a difference of 1/100. ARAGo 
noticed that when movement was also involved even finer differences 
could be recognized; and under the most favourable conditions he 
obtained the value 1/131 for this fraction. Masson’s experiments were 
made with rotating white discs with small black sectors; and he found 
that when the vision was poor, sometimes a difference of not more than 
1/50 was the best that could be recognized, but that when the vision 
was good, the fraction might occasionally be even less than 1/120. 
Another thing he discovered was that the limit of sensitivity for 
instantaneous illumination by electric sparks was fairly independent 
of the luminosity. Indeed, with this illumination, if it were sufficient, 
the black and white sectors were visible for an instant. Suppose the 
rotating disc is steadily illuminated by a lamp of brightness L, and 
then also by an electric spark of brightness J; then for an instant on 
the white sectors the luminosity is (£+/), whereas on the black sectors 
it is only L; so that the sectors can just be recognized provided (L +1) 
can be distinguished from L. When the distances of the two sources of 
light from the disc were altered, Z and / had to be altered in the same 
proportion in order to keep at the limit of the sensitivity of the eye. 
Consequently, the same law holds for the ability of perceiving instan- 
taneous difference of light as in the case of constant light. 

The fact that within a wide range of luminosity the smallest 
perceptible differences of the light sensation correspond to (nearly) 
constant fractions of the luminosity, was used by FecHNER in formu- 
lating a more general, so-called psycho-physical law, which is found to 
be true also in other regions of the sensations. Thus, for example, 
differences of pitch seem to us to be equal when the difference between 
the vibration-numbers is a certain fraction of the vibration-number 
itself. According to E. H. Wrser’s investigations, the case is similar 
also with our ability to recognize differences between weights and 
linear magnitudes.! Now as pitch is measured by the logarithm of the 

1 ¥‘'The next great step in the advance of our knowledge of the relationships subsisting 


between physical stimuli and sensations was made by E. H. Wrser, the founder of modern 
psycho-physical methods. In general terms it may be stated that a stimulus must attain 
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vibration-number, it is natural to measure the intensity of sensation 
in the same way; since here also, just as in the other case, differences 
dE of intensity of sensation E that can be perceived equally distinctly 
may be considered as being equal in amount. Accordingly, therefore, 
within a wide range of luminosity H, we have approximately 

dH 


dis eA——), 
H 


where A denotes a constant. By integration, we obtain: 
E=AlgH+C, 


where C is the constant of integration.t If e denotes the intensity 
of the sensation corresponding to a certain luminosity h, then 


E Fee 
—e=Alog—. 
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This mode of estimating brightness by the eye has been shown by 
FEcHNER to have had a definite influence in the determination of the 
magnitudes of the stars. The orders of magnitude of the stars were 
determined at first by the impressions they made on the human eye, 
without photometrical measurements of the objective quantities of 
light emitted by them. Such measurements were not made until recent 
times, but now we are in a position to compare the actual brightness 
of a star with its supposed order of magnitude. With the aid of the 
photometrical determinations of J. HERSCHEL and STEINHEIL, FEcH- 
-NER made a comparison of this sort; the result being that the order of 
magnitude (@) for HERScHEL’s measurements is given by the formula 


G = 1 — 2.8540 log ZH , 


a certain intensity in order to excite a sensation and that stimuli of greater intensity excite 
stronger sensations. There is therefore a quantitative relation between the stimulus and 
the sensation. The minimum effectual intensity of stimulus is called the general threshold 
or the general liminal value. A higher value may arouse a sensation differing in quantity 
from the other; this value is called the specific threshold or the specific liminal value. Thus a 
coloured light of low intensity may excite a colourless sensation; when of higher intensity 
it may excite a’sensation of colour.” J. H. Parsons, An introduction to the study of colour 
vision. 1915. page 19. (J. P. C.S.) 

1 {‘FEcHNER’s law states that the sensation varies as the logarithm of the stimulus; 
i. e. the sensation changes in arithmetical proportion as the stimulus increases in geometrical 
proportion.” It is a “questionable assumption that it is permissible to integrate small finite 
quantities,” such as are involved here. Parsons (loc. cit., p. 20), commenting on this law, 
says: “The bases are insecure on mathematical as well as on physiological grounds. So 
far as the latter are concerned we have no unit of sensation, and the variations, though 
quantitative, are only relative. The chief difficulty, however, is to be found in the ever- 
changing condition of the sensory apparatus. The deductions are not without value, for 
some quantitative relationship certainly exists, even if it be not so simple as FEcHNER’s 
law implies.” (J. P. C. 8S.) 
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and for STEINHEIL’s measurements by the formula 
G = 2.3114 — 2.3168 log H . 


Both formulae are in agreement with those given above, since the 
orders of stellar magnitudes are higher for the fainter stars. The 
formulae also agree well enough with the results of observation. 
FECHNER found too that Struvr’s measurements harmonized suffi- 
ciently well with his law. Incidentally, the same law was found by 
BaBINET,! who, according to observations of JoHNsoNn and Pogson, 
gives 2.5 for the value of the coefficient of log H in FecHNER’s formula. 

Frecuner thinks that the effect of disturbing circumstances 
accounts for the fact that the law proposed here for the intensity of the 
sensation is not obeyed either at very low or at very high luminosities. 
For example, at very low luminosities the influence of the intrinsic 
light of the eye must make itself felt. Together with the stimulation 
due to external light, there is always besides a stimulation due to 
internal causes, the amount of which may be considered as being 
equivalent to the stimulation by a light of luminosity H>. It would be 
more accurate, therefore, to write the formula for the least perceptible 
degrees of the intensity of the sensation as follows: 


or 


1 
dH = ee + Ho)dE . 


This implies that the increment of luminosity must be rather more 
in order for it to be perceptible than it would be if Hy were neglected; 
and particularly when the values of H are small, the difference will 
become considerable. FECHNER devised a method of comparing the 
intensity of the intrinsic light H, with that of the objective light, 
which is based on this formula; but this method unquestionably 
takes for granted that at the so-called threshold of the light sen- 
sation there is nothing else to invalidate the law above mentioned 
but this intrinsic light of the eye. Suppose an eye that is able 
to detect a change of luminosity of one percent views a sur- 
face, part of which gets no external light at all, while another part is 
illuminated, and has a luminosity denoted by h; then, taking into 
account the intrinsic light, the apparent luminosity of the unillumin- 
ated portion is Ho, and that of the illuminated portion is (Ho+h). 
Now if h is the least perceptible luminosity, then, by FEcHNER’s 
method of reasoning, we must have h =z$o Ho; and thus the brightness 


1 Comptes rendus. 1857. p. 358. 
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H, of the intrinsic light would be measured ‘in terms of an objective 
light. VoLtKMANN made some experiments and found that the in- 
tensity of the intrinsic light Hy was equal to the luminosity of a black 
velvet surface illuminated by a tallow candle at a distance of 9 feet. 

The discrepancy between the law and the facts for the upper 
limits of luminosity may be attributed to the fact that the visual organ 
begins to be impaired, as FeEcHNER supposes. The internal changes 
in the nerves that have to communicate the impression of the stimulus 
to the brain cannot exceed a certain definite limit without destroying 
the organ; and hence every action of the stimulus has an upper limit 
set for it, to which must necessarily correspond also a maximum 
intensity of sensation. 

But, moreover, whatever may be the circumstances that tend to 
upset the validity of FecHNER’s law at the upper and lower limits of 
luminosity, the same conditions make their influence felt in accurate 
measurements even with medium degrees of luminosity; although, of 
course, that is no reason why the law should not still be regarded 
as being a first approximation to the truth. Unquestionably, most 
paintings, drawings and photographs of ordinary objects can be seen 
equally well under very different degrees of illumination. And yet in 
some photographs the writer has discovered gradations of shade which 
do not come out perfectly clear except for a very definite intensity of 
light. This is particularly noticeable in pictures of landscapes in which 
far distant chains of mountains are represented as half floating in cloud. 
But, so far as the writer is concerned, the most striking instance of this 
peculiarity was in the case of some stereoscopic views of Alpine scenery 
photographed on glass, which showed parts of glaciers or peaks 
covered with snow. By lamplight or moderately bright daylight such 

surfaces of snow look like uniformly 

white areas; but when they are turned 

towards the bright sky delicate shades 

appear, indicating a sort of moulding of 

the white fields of snow; and then they 

muy disappear again with still brighter light. 
& Of course, delicate shades of this kind 

are found in photographs simply by acci- 
dent; and in paintings and drawings 
they are unexpected. But the rotating 
disc affords an easy way of producing 
very delicate shades, of any desired 
luminosity as compared with the white 
background. Masson also has already made use of them for photo- 
metrical experiments. These shades are easy to get by making a 


Fig. 30. 
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pattern on the disc like that shown in Fig. 30. A broken line is made 
with a pen along one or two radii, the parts being all of the same 
thickness. When the disc is set spinning, these black marks make 
grey circles on the disc. Suppose d denotes the width of the mark, and 
r denotes the distance of a point on it from the centre; then if the 
luminosity of the disc itself is taken as unity, the luminosity h of the 
grey ring produced by rotating the disc will be 


Thus the greater 7 is, the less the grey rings will differ in luminosity 
from that of the disc. The inner rings are darker and the outer ones 
brighter, and so we get a series of very delicate gradations. In the 
experiment all that has to be done is to see how far the edges of the 
grey rings can still be discerned. They can be seen better by looking 
here and there at different places on a circle than by looking steadily 
at one place. When the gaze is fixed on one spot, the fainter circles 
disappear quickly, even if they have been seen before. Usually, 
however, the differences are not all equally apparent at first sight, 
and it is necessary, to gaze at the disc along time at first. Incidentally, 
the disc must be made to turn fast enough for the grey rings to be 
continuous in appearance, and not to flicker. In the latter case even the 
fainter rings can be discerned, because, every time a black mark goes 
by, the impression it makes lasts too short a time for the darkening to 
be appreciated. On bright summer days near a window, it was possible 
for the writer by shifting his gaze still to see one edge sharply where 
the difference of luminosity was z43. Another edge could be vaguely 
seen where the difference was z3,, and for a single instant one for 
which the difference was 747. Up to 735 with the disc illuminated by 
direct sunlight, the perceptions were rather more troublesome and 
fatiguing. In the interior of the room at the same time, the writer could 
not detect edges for which the difference was less than 7} 7, although 
occasionally and uncertainly he could go as far as 733. 

Thus here, too, a certain narrowly limited range of luminosity is 
indicated as being required in order to get the greatest sensitiveness of 
perception. Accordingly, in the equation 


dH 
dE = A— 
H 


the coefficient A should not be considered as absolutely invariable, not 
even within the ordinary range of illumination; but it must rather be 
regarded as dependent on H, although for medium degrees of illumina- 
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tion it is nearly constant. Likewise the formula derived from it by 
integration 


E=AlogH +C 


will be only approximately correct for medium values of the luminosity. 
In comparing the intensity of sensation for different colours, it will 
be still more apparent that a formula of this kind cannot be sufficient. 
Even when the intrinsic light of the eye is taken into account 
and the equations are written as follows: 
dH 


dE, = A——_ 
H + Ho 


E = A log(-+ Ho) +C, 
the formula does not quite fit the facts, because it implies that the 
sensitivity would have to increase as long as the luminosity increased ; 


whereas the facts stated above indicate that the intensity of the 
sensation gets to be a maximum value which is not exceeded even when 


H continues still to increase. Therefore for this value, ae must 


vanish. Hence, also in the last differential equation we should have to 
consider A as still being a function of H, which for moderate values of 
H is approximately constant, but which vanishes when H gets to be 
infinite. The simplest function of this sort would be 


a 
A= ; 
ap Jz) 


where b must be supposed to be very great. If, therefore, we put 
adH 
Eis , 
Os (iat e) 


then 
a A.tdH 


= — 1 


(jo 8G: i Oral 


an Ge 


The phenomena might, perhaps, be completely expressed by some 
such formula as this. The magnitude denoted here by C would be the 
maximum intensity of sensation corresponding to an infinitely great 
value of H, and the maximum of sensitivity would occur for H = Vb H,. 

The connection between the intensity of the sensation and the 
Juminosity which has thus been shown to exist explains a fact which 
the writer has often noticed, namely, that on dark nights bright 
objects are much brighter as compared with their environment than 
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they are in daytime, so that sometimes it is hard not to believe they 
are self-luminous. When the luminosity is very low, the intensity of 
the sensation is considered as being proportional to the luminosity; 
whereas with greater illumination the sensation for brighter objects 
is relatively weaker. Now since we are accustomed to compare the 
brightness of familiar objects when they are highly illuminated, under 
feeble illumination bright objects are relatively too bright, and dark 
ones relatively too dark. Painters also make use of this circumstance 
in moonlight scenes, to produce the impression of faint illumination. 
They bring out the light places much more brilliantly than when they 
are representing daylight. 


Let us turn now to the comparison of the intensities of light of 
different colours. If the intensity of objective monochromatic light 
of different kinds is supposed to be measured by the kinetic energy of 
the aether-vibrations, then, according to the general law of the con- 
servation of energy, it must be proportional to the amount of heat 
developed by absorption of the light in question. Hitherto this has 
been the only available physical method of comparing the intensities 
of aether-waves of different frequency. When the luminous power of 
aether-waves of different frequency is estimated by the eye, the result, 
as has been explained in §19, is that the intensity of the light sensation 
is by no means proportional to the kinetic energy of these aether- 
vibrations as measured by the development of heat. When a spectrum 
is projected by a prism of rock salt, which of all substances is most 
uniformly transparent to different kinds of rays, the maximum thermal 
effect, as found by MeLLOonI, was in the infra-red where the eye is no 
longer sensitive to light at all; and the thermal effect in the spectrum 
rises steadily from the violet to the red, whereas the maximum lum- 
inous effect is in the yellow. Likewise, attention has already been 
called to the fact that the luminous power of ultra-violet light is 
extraordinarily augmented by transforming it by fluorescence into 
light of medium refrangibility; although it is not to be supposed that 
the kinetic energy is increased by this process. Thus, the intensity of 
the light sensation depends not only on the kinetic energy of the aether- 
vibrations, but also on their vibration-frequency. The consequence is 
that all comparisons of the intensities of compound light of different 
kinds that are made entirely by the eye have no objective value apart 
from the nature of the eye. 

We have seen that for a given kind of light the sensation does not 
increase in the same ratio as the objective intensity of the light, but 
that the intensity of the sensation is a more complicated function of 
the intensity of the light. But on comparing light of different colours, 
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it appears that the intensity of the sensation for different kinds of light 
is a different function of the intensity of the light. PURKINJE? has 
already noticed that blue was visible for the weakest light and red only 
at higher illumination. Subsequently, Dove called attention to the 
fact that in comparing the luminosities of surfaces painted in various 
colours for different degrees of illumination, sometimes one was 
brighter and sometimes another. As a rule, the less refrangible red and 
yellow colours predominate when the illumination is high, and the 
more refrangible blue and violet colours when it is low. If pieces of 
red and blue paper appear equally bright by day, then with the 
approach of night the blue gets bright while the red often looks per- 
fectly black. So also in picture galleries towards evening (supposing 
the sky is cloudy and twilight disappearing) the red colours are the 
first to fade away, and the blue ones continue visible longest. And 
on the darkest nights, when all other colours are gone, the blue of the 
sky can still be seen.? If the apparatus described in the preceding 
section, as sketched in Fig. 27, is used for mixing the colours of the 
spectrum, and if a vertical rod is held in front of the field illuminated 
by the two colours, it casts two differently coloured shadows. Since 
the two coloured lights fall on the illuminated field from different 
directions, proceeding from the two slits in the last screen (S., Fig. 27), 
they cast their shadows at different places. Thus, if, say, violet and 
yellow were mixed, there would be one shadow which would not be 
illuminated by violet but would be illuminated by yellow, so that 
it would look yellow; and there would be another shadow which 
would not be illuminated by yellow but would be illuminated by 
blue, so that it would look blue; whereas the rest of the field would be 
white or whitish. Now if the slit in the screen which lets the violet 
through is made wider, the violet becomes stronger, and the violet 
shadow therefore is more luminous. By regulating the two slits 
properly, the violet shadow can be made to look just as bright as the 
yellow one. Now if the single slit in the first screen, through which the 
light reflected from the heliostat passes to the prism, is opened more or 
closed more, the total amount of light that goes through the apparatus 
will be increased or diminished, all the different colours in the same 
proportion; and hence the amounts of light in the yellow and violet 


1 Zur Physiologie der Sinne. II. 109. With respect to this, see the notes in the Appendix 
Ilo Bi-5:—_N: 

2 {The explanation of these phenomena is to be found in the difference between ‘cone 
vision” and “rod vision.”” In darkness the colour sensation disappears entirely and all that 
remains is a pure luminosity sensation. As evening descends all colours begin to fade and 
disappear and in moonlight even bright red tile-roofs cannot be distinguished as to colour. 
(J.P.C.S.) 
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shadows will be changed in equal fashion also. The result is that even 
a slight increase of light will make the yellow come out brighter, and a 
slight decrease will make the violet look fainter. The difference here 
will be much less when the two colours are both in the less refrangible 
half of the spectrum, and much more when both colours are from the 
more refrangible half; it will be greatest of all when they are taken 
from the two ends of the spectrum. 

In Fig. 31 the abscissae measured along the line ad are supposed to 
be proportional to the objective intensity of the light, whereas the 
ordinates represent the intensity of the light 
sensation. Let the curve aebg indicate the 
intensity of the sensation for yellow light; 
and suppose that the units for yellow and 
violet light are so chosen that for the 
quantity of light ac the intensity of the 
sensation is the same for both kinds of light. 
Then from the facts given above the curve representing the intensity 
of sensation for the violet light must have the position aeby as com- 
pared with the other curve. If the two quantities of light are diminished 
in the ratio af:ac, the intensity of sensation for yellow light as given 
by the ordinate fe will be less than that for violet light as represented 
by the ordinate fe. Conversely, if the quantities of the two kinds of 
light are increased to the amount ad, the intensity of the sensation for 
yellow as given by the ordinate dg will be greater than that for violet 
as given by the ordinate dy. 

Consequently, it is not possible to devise units for measuring light 
of different colours, such that, for equal amounts of two kinds of light 
as measured in terms of them, the intensities of the sensations produced 
in the eye will be also always equal. The fact is that the mathematical 
functions that exhibit the connection between the intensity of the 
sensation and the objective intensity of the light are of different degrees 
for light of different colours. 

Suppose white has been obtained by combining two complementary 
colours. If then the intensities of the two coloured lights are increased 
or decreased in the same proportion so that the ratio of the mixture 
remains the same, the mixed colour remains, too, unchanged white; 
in spite of the fact that under such circumstances the intensities of the 
sensation for the two simple colours may be materially altered. For 
example, if, with the apparatus described above, violet and green- 
yellow are mixed to give white, the amount of green-yellow light may 
be reduced by narrowing the slit until it appears of the same luminosity 
as the violet. Since the amount of transmitted light is proportional 


Fig. 31. 
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to the width of the slit, by measuring the latter the ratio by which the 
quantity of light has been diminished can also be obtained. Thus, the 
writer has found that violet, which mixed with a certain amount of 
green-yellow gives white, looks as bright as one-tenth of the green- 
yellow when the intensity of illumination is increased; whereas it 
looks as bright as one-fifth of the green-yellow when the intensity of 
illumination is diminished; although in both cases the ratio of the 
objective amounts of light is the same. When indigo-blue and yellow 
were mixed, the blue appeared to be one-fourth as bright as the yellow 
for higher intensity of illumination, and one-third as bright for lower 
intensity. The differences were too small to be measured for the less 
refrangible complementary colours. Thus, when whites of different 
luminosity are obtained by mixture, the amounts of the complementary 
colours are in a constant ratio to each other in objective intensity, but 
in a very variable ratio to each other in subjective luminosity. Conse- 
quently, when units of measurement for light of different colours are 
obtained by mixing the colours, as was explained in the preceding 
chapter, these units will have little or no connection with the intensity 
of the light. 

Apparently, the reason why mixed colours look about the same for 
different intensities of ight, whereas the comparative intensity of the 
action on the organ of vision is entirely different, is because sunlight, 
which is regarded as normal white by day, must itself change its colour 
for different intensities of light in the same manner as other white or 
pale mixtures of colours with which it is compared. A colour mixture, 
which looks just like sunlight toned down to the same degree of 
luminosity, is white to us. Thus in case of the colour mixture in ques- 
tion, although the impression of blue is stronger in dim light than it is 
in bright light, still it does not appear to be a bluish white, because 
when sunlight is toned down to just the same extent, the impression of 
blue must preponderate about as much. However, the fact that the 
impression of blue really does prevail in dim sunlight, and the impres- 
sion of yellow in bright sunlight, may be easily verified with a little 
pains. In paintings the effect of brilliant sunshine is always conveyed 
by predominating yellow hues, and the effect. of moonlight or starlight 
by blue hues. The painter tries to imitate nature, but he does not have 
at his command all the gradations of intensity of light; and so by 
copying the variegated hues he endeavours to supplement the impres- 
sion of intensity of light. A similar effect is the impression of brilliant 
sunshine illumination produced by looking at a landscape on a cloudy 
day through a piece of yellow glass; whereas a sunlit scene viewed 
through a piece of blue glass seems to have what is sometimes called a 
cold illumination. 
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It has already been stated that the impression made by the pure 
colours varies also in the same way, so that with increasing intensity 
of light they look as if they were mixed with yellow. Red and green 
pass right over into yellow, but blue becomes pale just as it would do 
if it were mixed with yellow. 

The consequence is that with very great intensity of light the 
discrimination of hues is more imperfect than it is with moderate 
brightness. But likewise this discrimination is also imperfect with 
very low intensity of light; which agrees with the fact that it is more 
imperfect also in the case of colours that occupy a very small portion 
of the visual field than it is when the colour fields are more extensive. 
Thus, if the retinal image of a coloured field is smaller than the sensi- 
tive elements of the retina, the element in question is no longer stim- 
ulated to full intensity; the stimulation being less in proportion as 
the part of the element which is occupied by the image of the coloured 
area is smaller. 

These variations of the colour sensation with the intensity of the 
light are accounted for in Youn@’s theory by the assumption that there 
are three kinds of nerves in the retina, red-sensitive, green-sensitive 
and violet-sensitive; provided we suppose, as we have done, that 
each kind of nerve is stimulated by light of any kind, even by homo- 
geneous light, but in very different degrees, and that in each of the 
three sets of nerves the intensity of sensation is a different function 
of the intensity of the light. Thus, in the violet-sensitive nerves with 
rising intensity of the light it increases more rapidly at first, and then 
more slowly, than it does in the green-sensitive nerves; and the same 
way in the latter as compared with the red-sensitive nerves. 

If the violet light of the spectrum stimulates the violet-sensitive 
nerves highly, the green-sensitive nerves feebly, and the red-sensitive 
nerves more feebly still, the sensation of violet will predominate in 
dim light; but in bright light where the violet sensation approaches its 
maximum, the green sensation may succeed in becoming more appre- 
ciable by comparison with the other, and subsequently even the red 
sensation. Thus, initially the sensation of violet light must pass 
through mixed green into blue, and ultimately through mixed green 
and red into white. 

Suppose, moreover, that the green light of the spectrum stimulates 
the green-sensitive nerves highly and the red-sensitive and violet- 
sensitive nerves moderately. Then the sensation of green must pass 
first into yellow, because the sensation of red grows more rapidly with 
the intensity of light than that of violet; and ultimately when all 
three sensations approach their maxima, the green sensation becomes 
white. Moreover, as to the red rays, we have supposed that they 
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stimulate the red-sensitive nerves highly, the green-sensitive feebly, 
and the violet-sensitive more feebly still or not at all. This would 
explain how the sensation of bright red light passes into that of yellow. 

Thus, discrimination of hue would depend on the fact that the 
relative amount of light that stimulates each of these sets of nerves is 
perceived by comparing the intensities of their sensations. Now we 
have seen that the relative intensity of two quantities of light can be 
judged best in a certain medium illumination. Hence, also, the 
discrimination of hues must be most accurate with medium illumina- 
tion. The application of this consideration to very luminous colours 
will be obvious already from what has been stated. If with mixed 
colours all three sets of nerves are near the maximum degrees of 
stimulation, necessarily, each colour will have to become more and 
more nearly white. On the contrary, supposing that the violet-sensi- 
tive nerves were stimulated to the faintest perceptible extent, we 
could not possibly tell whether it was accompanied by a somewhat 
slighter degree of stimulation of the other two sets of nerves, that is, 
whether the colour of the light was pure violet or indigo-blue or purple 
or bluish white. Thus here, too, when the light is quite dim, dis- 
crimination of hues will be imperfect. 


Another series of facts, heretofore classified as phenomena of 
irradiation, can be explained by the fact that the intensity of the light 
sensation is not proportional to the objective intensity of the light. 
What is common to them all is that highly illuminated areas appear to 
be larger than they really are, whereas the adjoining dark areas appear 
to be correspondingly smaller. 

The phenomena themselves are very varied depending on the 
form of the patterns observed. Generally, they are easiest to see 
and most pronounced, when the eye is not exactly accommodated for 
the observed object. It makes no difference whether the accom- 
modation is too much or too little, or whether the eye is provided with 
a glass lens, convex or concave, which is not suited for the particular 
distance of the object. But even when the eye is accommodated 
exactly, irradiation will be manifest to some extent. In fact, it can be 
distinctly noticed even then, provided the objects are very bright and 
particularly small. Evidently, the reason why the effect is more 
marked in the case of small objects is because the size of a small object 
is relatively more enlarged by the small blur circles than that of a 
bigger object. The diameters of such tiny blur circles as are present 
when the eye is well accommodated are practically negligible in com- 
parison with the dimensions of large objects. 
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1. Bright areas appear magnified. The dimensions of narrow 
apertures and slits illuminated by light from behind are never es- 
timated correctly. They invariably look wider than they really are, 
even with the most perfect accommodation. Similarly, too, the fixed 
stars seem to be small bright surfaces, even when we look at them 
through a concave glass in order to be able to accommodate exactly. 
In a grating of fine dark bars with intervals exactly as wide as the bars 
themselves (ordinary wire grating for interference experiments), 
held in front of a bright background, the intervals appear to be wider 
than the bars. When, in addition, the accommodation is not perfect, 
the phenomena are much more striking and are visible even with 
larger objects. Fig. 32 shows a black square on a white background 
alongside of a white square on a black background. With good 
illumination and insufficient accommodation, the white square appears 
larger, although they are both equal. 


Fig. 32. Fig. 33. 


2. Adjacent bright areas tend to flow over into each other. A fine 
wire held between the eye and the sun or a bright flame disappears, 
because the two bright surfaces adjacent to it in the field of view 
encroach on it from both sides and fuse together. With patterns 
composed of white and black squares like a chess-board, as shown in 
Fig. 33, the white squares fuse by irradiation at adjacent corners and 
separate the black ones. PLaTEAu used squares of this sort also to 
measure the spread of irradiation. The white fields were cut out of a 
dark screen and illuminated from behind. One of the two black squares 
could be shifted horizontally by a screw, and was adjusted so that the 
two middle vertical lines appeared to the spectator to coincide in one 
line. For measurements at longer distances the black fields were 
made of little boards, but for shorter distances they were made of 
little steel plates. The error made in adjusting the square was called 
the spread of the irradiation. 

3. Straight lines become broken. If the edge of a ruler is held be- 
tween the eye and a bright flame or the sun, it seems to have a break 
in it where the bright object protrudes above it, as represented in 
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Fig. 34. With reference to this particular effect, it may be noted here 
at the same time, that when the bright body is alamp flame with cylin- 
drical wick, the indentation at the edge of the flame, where, as above 
stated, the absolute brightness is higher, appears to be déeper than in 
the middle of the flame, in spite of the 
fact that the eye is not consciously 
aware of the difference of brightness 
in the two parts of the flame. 

The fundamental thing about all 
these appearances is that the edges of 
bright areas in the field of view are, as 
it were, shifted and tend to encroach 
on the adjacent darker areas. This 
encroachment is more and more no- 
ticeable in proportion as the accommo- 
H dation is more inexact, in which case 
the blur circles projected into the eye 
from each point of the bright area 
get bigger and bigger. However, even 

= when accommodation is most exact, 

Fig. 35. blur-circles are not entirely lacking, 

because we know they must be present on account of colour dispersion 
and the so-called monochromatic aberrations of the eye, which 
were discussed in § 14. Now the effect of these blur-circles is to make 
the light spread beyond the geometrical edge of the retinal image of 
a bright area; but the darkness also infringes over the edge in the sense 
that the light begins to fade within the contour where it should still 
have its full strength. In Fig. 35 suppose that c is a point on the edge 
of a bright area, and that bg is a straight line drawn perpendicular to 
the edge. At right angles to this line let ordinates be erected that are 
proportional to the objective brightness at the corresponding places 
along bg. If the image of the area were perfectly exact, the broken line 
adcg would represent the magnitude of the luminosity. Thus from b 
to the edge of the surface at c it would be uniform and equal to H, 
and from ¢ to g the luminosity would be zero. But if, through lack 
of accommodation, the image were blurred, then, as was explained in 
connection with Fig. 71 in Vol. I, the luminosity falls off as shown by 
the curve afg. Thus, from c to g bright encroaches on dark, and from 
b to c dark encroaches on bright; naturally, whatever light spreads 
beyond the edge being borrowed from the bright portion inside. 
Accordingly, as long as it is simply a question of objective brightness, 
the bright areas cannot appear magnified by the blur circles. On the 
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contrary, the area of full brightness has been reduced by the blurring, 
although the total area that gets light in some fashion has been 
augmented. But now taking into consideration the fact that the light 
sensation is practically, if not actually, the same for the higher degrees 
of objective luminosity, the effect is that the falling off of the illumina- 
tion inside the surface is less noticeable than the illumination of places 
beyond the edge that were previously dark. Thus, so far as sensation 
is concerned, the spread of brightness, and not that of darkness, must 
be the result. The phenomenon will be most striking when the 
surface is bright enough for the light sensation inside the blur-circle 
to reach its maximum there. For instance, if this were the case for 
the point hin Fig. 35, the apparent brightness at h would no longer 
be distinguished from the full brightness in the interior of the area; 
and hence the full brightness of the area would appear to extend to h; 
and even beyond hf it would fall off very gradually until it vanished 
entirely at g. This makes it plain too why the effect of irradiation is 
easier to get when the brightness is great, and when, therefore, the 
place where the maximum light sensation is reached lies nearer to g. 
This is the explanation also of why the irradiation continues to increase 
when the brightness of the background is enhanced, even if the sensa- 
tion of this brightness cannot keep pace with it. With increase of 
objective luminosity all the ordinates of the curve ag will be elevated 
in the same proportion as H is, which means that the ordinate corre- 
sponding to the maximum of the sensation of sufficient brightness will 
lie farther out nearer to g. Quantitative experiments on the influence 
of brightness were carried out by PLareau; the result being that the 
amount of irradiation was found not to increase in proportion to the 
brightness, but less than this. As the brightness is increased, the 
irradiation approaches a maximum asymptotically, as follows likewise 
from the explanation given here. 

Another result of this theory is the explanation of the fact that the 
irradiation spreads more when the blur-circles are larger. 

With most persons the blur-circles of points that are too far away 
are wider vertically than they are horizontally. Hence, a bright 
square on a dark background which is a little too far for the accom- 
modation seems to be higher than it is broad; and a black square on a 
bright background just the reverse. Even with exact accommodation, 
most people see the vertical elongation of a white square, because it 
seems that in this case they accommodate for the vertical lines. On 
the other hand, white rectangles, whose horizontal dimension is some- 
what longer than the vertical, look like squares. A. Ficx' found in his 


1 Hente und Prevrrer, Zeitschrift fur rationelle Medizin. Neue Folge. II. S. 83. 


190 The Sensations of Vision (158, 159. 


experiments that, for a practised eye that was not near-sighted, a 
rectangle, 450 cm away, whose horizontal side was 22 mm and vertical 
side 20 mm, appeared to be a square; and that another one with a 
horizontal side of 21 mm_and a vertical side of 20 mm was taken for a 
vertically elongated rectangle. With other eyes that see a distant 
point of light as a star with three rays, there are also manifested in the 
other cases of irradiation three main directions in which the effect is 
greatest; as described by JosLin.1 

In the preceding discussion, the term irradiation has been used 
merely with respect to those cases where there is no consciousness of 
blurring as such, but where the area of full illumination is apparently 
enlarged. However, very recently this term has come to be applied to 
the formation of blur-circles generally, even where they are recognized 
as being fainter parts of the image. Perhaps, however, a special new 
name is not needed for these cases. Incidentally, new boundary-lines 
may also be produced by the blur-circles, causing the object to appear 
changed in size, otherwise the intensity of the light itself having no 
special influence. As a case in point, VOLKMANN? found that very fine 
black threads on a white background, and also white threads on a black 
background, were regarded as being thicker than they really were; 
whereas with the kind of irradiation considered thus far it is only the 
brighter area that is magnified. VOLKMANN’s threads were 0.0445 mm 
thick, and the eye was one#third of a metre away. Consequently, they 
should have appeared to the eye much smaller than the smallest 
perceptible width. By means of a micrometer-screw, the threads 
could gradually be brought closer together, and the problem consisted 
in adjusting them until the interval was just the same as the width 
of the threads. But every individual made the interval too wide, 
even when it was bright and the threads were dark. Hence, VoLKMANN 
also used these measurements to determine the width of the little blur- 
images with good accommodation. He himself found the interval to 
be on the average equal to 0.207 mm, whereas the thickness of the 
thread, which should have been the same as the width of the interval, 
actually was only 0.0445 mm. From this he calculated the width of 
the blur-image on the retina as being 0.0035 mm. For other persons, 
in case of a bright background, this latter quantity varied between 
0.0006 and 0.0025. These dimensions are smaller than the least 
perceptible width (0.0044 mm) and than the diameters of the cones in 
the yellow spot (0.0045 to 0.0054). Possibly, therefore, the latter 
persons may have determined the width of the black image. Doubt- 
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less, in the case of such a subtle exercise it is not surprising that such 
wide discrepancies should occur in the results. 

But even black stripes of discernible width, viewed with such in- 
sufficient accommodation that the blur-circles are much wider than 
the stripes, will look wider than they are. 
The writer is disposed to think that this 
is due to the distribution of the light in 
the blur-circle. In Fig. 36 let ab repre- 
sent the section of a sheet of paper on 
which a black line is drawn as indicated 
in the diagram by the point c. Owing to 
faulty accommodation, suppose there 
are blur-circles of radius fc. Then Big 2S 
according to the principles developed in § 13, leaving out of account 
disturbances due to the asymmetry of the crystalline lens, the curve 
representing the light-intensity at the various points on the line ab as 
it is reproduced in the retinal image will be shown by the line agy6f. 
The light-intensity at ¢ and 6 undergoes here a sudden drop, and hence 
these places appear as border-lines. If the line c where a white line on a 
black background, a8 would have to be taken as abscissa-axis, and the 
negative ordinates of the curve gyé would show the light-intensity. 
Then too there will be a sudden falling off of light-intensity at f and d. 
Incidentally, the rotating disc will prove that the lines that appear as 
border-lines are those for which the derivative of the light-intensity 
becomes infinite. When a white disc with a round circular spot on it 
like that represented in Fig. 37 is made to rotate, the black spot looks 
like a grey circle whose light-intensity would be expressed by a curve 
quite similar to ayy66 in Fig. 36; as follows from the laws to be de- 
veloped in the next chapter. The grey 
ring in this case appears to be perfectly 
sharply defined on both sides. The un- 
equal degrees of brightness in its interior 
are scarcely noticed, and it appears 
rather to be coloured almost uniformly 
grey. Incidentally, in the blurred im- 
ages of small black lines usually there 
is an admixture of double images due 
to the asymmetry of the crystalline 
lens (see Vol. I, Fig. 73), whereby the 
distribution of light in the blurred image Fig. 37. 
is indeed changed, but yet in every case 
the width of the image continues to be greater. 

As soon as the black line ceases to be very small as compared with 
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the width of the blurred image, the brightness also falls off gradually 
at its edge, asin Fig. 35, and then the edges appear a vague grey, and 
the middle black. Then the existence of blur-circles is recognized 
and the illusion vanishes. The distinction is strikingly manifest in one 
of VoLKMANN’s experiments. When the diagram in Fig. 38 is viewed 
at a distance for which the accommodation is considerably out, it will 
be found that the middle white stripe, which is 
the same width everywhere, seems to have the 
shape of a club, broadening out at the lower 
end between the wide black areas, and on the 
other hand closing in at the upper end between 
the narrow black strips, thus making, so to 
speak, the handle of the club. The white 
portion between the wide black surfaces 
spreads out in the ordinary way of irradiation. 
The narrow black pieces, on the other hand, 
change into wider grey ones and thus encroach on the extent of the 
white in between them. Similar phenomena have been described by 
PuatTeav, but he argued that the irradiation of two adjacent, white 
edges was mutually restrictive. 

These last mentioned phenomena of the spreading out of dark lines 
are therefore simple cases of blurred images, not dependent on the 
degree of illumination and on the laws of the intensity of the light sensa- 
tion. The writer would prefer, therefore, not to include them under 
irradiation and to reserve this term for those cases where the effect is 
dependent on the degree of illumination. 


Fig. 38. 


Very many physicists and physiologists have adopted another 
explanation of the phenomena of irradiation, which was specially 
advocated and elaborated by PLatgavu. The idea is that in the retina 
a fibre that has been stimulated is in the position to induce the state 
of stimulation in adjacent fibres also, so that these latter likewise arouse 
the light sensation without being acted on by any objective light. This 
would be a case of so-called synaesthesia. Sympathetic sensations of 
the same sort occur in other sensory nerves. For instance, many people 
feel tickling in the nose when vivid light falls on the eye, or a cold 
shiver down the back on hearing shrill or squeaky tones. In these and 
other cases the transference of the stimulation from the primarily 
excited nervous fibres to the others cannot happen except within the 
central organ, because the optic nerve has no anatomical communica- 
tion with the sensory nerves of the nose (nervus trigeminus) nor the 
auditory nerve with the cutaneous nerves of the trunk except through 
the central organ. Incidentally, cases of synaesthesia of this kind 
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invariably occur in fairly isolated instances only, and the explanation 
of it as given above cannot be considered as firmly established, because 
possibly also reflex discharges in the secretory glands of the nose or the 
vascular muscles of the blood-vessels in the skin might evoke similar 
sensations directly. In the great majority of cases it is evident from 
common experience that the stimulation of a sensory fibre is not trans- 
ferred to other fibres, because individual impressions that are com- 
municated to the organs of sense can be recognized as isolated sensa- 
tions. If a place on the skin is pricked and the corresponding nervous 
fibre thereby stimulated, diffused sensations of pain would be aroused 
at many places in the skin, on the supposition that there was a regular 
and constant transference to other nervous fibres; and we would not 
know how to distinguish the first place that was stimulated from the 
secondary stimulations. But as arule the sensation,due to stimulation 
of a single place on the skin is felt just simply at the place where the 
stimulation acted, and nowhere else; and so there is nosynaesthesia. 
But if the local pain is very acute and lasts a long time, undoubtedly 
there may be pains also in the adjacent parts which are commonly 
supposed to be sympathetic; but they may indeed be due also to the 
spread of the mischief that causes the pain or to inflammation. Pua- 
TEAU also recalls the fact that when the image of a black spot on a sheet 
of white paper falls on the place where the optic nerve comes into the 
eye, the only sensation in the corresponding place in the visual field is 
that of white; and he assumes that here also the stimulation spreads 
over the optic disc. But we shall see later that this phenomenon is of 
quite a different kind. Thus, if irradiation in the eye is explained as 
being synaesthesia, this view will have to be supported merely by 
analogies in other parts of the nervous system that are themselves still 
doubtful. On the other hand, the phenomena of irradiation in the eye 
are all such that objective light also falls or may fall on the parts of the 
retina where the synaesthesiais presumed to take place. The amount 
of irradiation is proportional throughout to the size of the blur-circle, 
and the whole effect in all its details can be deduced from other well 
established principles of explanation. In a case like this the author 
believes it is unjustifiable to employ new modes of explanation that are 
not themselves securely established. 


Here some account must be given of the methods of photometry, in so 
far as the physiological properties of the eye enter into the question. In this 
survey all methods in which comparisons of brightness are made, not by the 
eye, but by means of photochemical effects or absorption of heat, will be 
omitted. It is worth saying that the eye can be employed very well to make 
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a comparison between two quantities of light of the same quality, for example 
two quantities of white light or two quantities of light of the same simple 
colour. For when two quantities of light of the same quality under the same 
circumstances produce equal effects in the eye, the inference may be drawn 
that the objective intensities are likewise equal. In such cases the eye may 
be used as a convenient and sensitive reagent, with the special characteristics 
of which we do not need to be concerned, and hence the results obtained are 
objectively valid. Strictly speaking, therefore, this part of photometry is not 
in the domain of physiological optics according to the limitations of this 
science as prescribed in Vol. I, p. 47. The subject will be treated here merely 
in so far as the physiological idiosyncrasies of the eye have any influence on 
the sensitivity of the photometrical measurements. 

On the other hand, as has been clearly enough brought out by the facts 
cited above, we must keep steadily in mind that any comparison of light of 
different colours as made by the eye has merely a physiological value, and 
tells us nothing about the objective strengths of the lights that are compared; 
so that all photometrical measurements of this kind remain entirely within 
the field of physiological optics. 

Generally speaking, the procedure in photometry is as follows. Suppose 
it is required to determine the ratio of two luminosities A and B, where B, say, 
is greater than A. The intensity of B is then lowered, by any process that 
enables us to determine in what ratio it is diminished, until B looks just as 
bright as A. Suppose the reduced luminosity of B is nB, where n must be a 
proper fraction of known size; then 


I=) 85. 


and thus the ratio between A and B is found. The various methods of pho- 
tometry differ from one another, in the first place, by employing different 
means for reducing the brighter light in a known ratio. So far as this point 
is concerned, the method to be selected will necessarily always depend chiefly 
on the nature of the problem. However, they also differ in the ways and 
means of presenting the two luminosities to the observer’s eye for comparison. 
With respect to this matter, it-should be stated that the eye discriminates 
best between the luminosities of the two surfaces when they are directly 
juxtaposed, so that there is nothing to indicate the border between them save 
the difference of brightness. Moreover, the sensitiveness seems to be more 
increased still by not having a simple straight line to separate the two lumin- 
ous areas, but when one of them forms a complicated design in the other 
(rings, letters, etc.), with manifold alternations of bright and dark. Lastly, 
the two areas to be compared must have also a certain spatial extent, not too 
small. Of course, those methods are very much more disadvantageous in 
which the intensity of a light is measured by reducing its effect on the eye by 
some means until it vanishes. For, evidently, the limits of sensitivity of 
the eye are not so definite and so constant that measurements can be made 
to depend on it. In different circumstances (intensity of illumination, motion, 
etc.) the same eye will perceive a difference o: light-intensity of 1/60, and 
then again of 1/120. If, therefore, the sensitiveness of the eye was used as a 
gauge, quantities of light might be put equal to each other when one of them 
was twice as great as the other or perhaps more still. 

Boucuer! had two white surfaces illuminated by the lights to be com- 
pared, and placed himself so that he saw them both in perspective near each 
other. Then he altered the distance of one of the surfaces from the light until 
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the illumination was the same. In Lamperrt’s famous Photometria! the first 
complete system of theoretical photometry was expounded with marvelous 
acumen and resourcefulness. Along with various other methods adapted to 
special purposes, the particular process he used was to illuminate a white 
surface by two lights which cast two shadows of an opaque rod on it. Then 
the distance of one of the lights was varied until the two shadows were equally 
bright. Rumrorp? also used the same method, and the necessary apparatus 
for the purpose is known as Rumrorp’s photometer. To enable the observer 
to have a more convenient position, PorrmrR’® used two transparent surfaces 
instead of the two opaque white ones; and Rivrcnre! added besides two 
mirrors inclined at 45°, which threw the light on the white surfaces and 
allowed the sources of light to be placed opposite each other. Sir. J. Hprscunr? 
insisted on fulfilling the condition of close contact between the two surfaces 
that have to be compared in Ritcuin’s photometer, which meant increased 
accuracy. Incidentally, in these cases there are two disturbing factors in the 
use of the law of the inverse square of the distance for measuring the illumina- 
tion. In the first place, when this rule is employed, the extent of the source 
of light is supposed to be infinitely small as compared with its distance from 
the illuminated surface; and this is not the case when the intensities of light 
are great,and the light must be very close. In the second place, especially when 
the light is far away, there must not be in the back of the room any appreciably 
luminous objects, and this condition will always be hard to satisfy when the 
experiments are conducted in a room. Prrnor® modified Porrmr’s method 
by illuminating the two transparent illuminated surfaces from the opposite 
side by still a third light, which was gradually brought closer. If the 
two areas are equal, they must disappear at the same time. In BuNSEN’s 
photometer a piece of paper which is partly soaked in kerosene is exposed to 
light on both sides. When the light on one side is faint, the transparent spot 
appears dark, and when the light is too strong, the spot appears bright. 
Absorption of light was used by pr Maistre’ for reducing the intensity. 
He combined two equal prisms, one of blue glass and the other of white glass, 
in such a way that the two external surfaces were parallel. The light traversed 
them without being deviated but it was absorbed differently in different parts 
of the double prism. Similarly, QUETELET® used two blue glass prisms which 
could be shifted with respect to each other so as to make a plane parallel plate 
of variable thickness. But the colour of the transmitted light is changed by 
the blue glass plate employed in this arrangement, and it has already been 
stated that it is not possible to make an accurate measurement when lights 
of different colours are compared. More questionable still are two other 
instruments in which the measurement does not consist in a comparison 
between two different lights, but absolute intensities of light are to be deter- 
mined from the fact that they disappear entirely with definite amount of 
absorption. This method was proposed by Lampapius.? He looked at the 
bright object through a number of thin horn-plates and added to them until 
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the object just vanished. Instead of horn-plates, pz Liwency and SrcrETan’ 
used paper discs. The other instrument is the lamprotometer, proposed by an 
unknown person’, for measuring the brightness of daylight. The method 
consisted in finding the strength of a litmus solution required to cause @ 
platinum wire illuminated-by daylight to disappear when it was viewed 
through a glass cell filled with this substance. The limit of sensitivity of the 
eye is, however, too indefinite for measurements of this kind, and the errors 
might be three or more times as great as the magnitudes concerned. A pho- 
tometer designed by AtBrrt® and another one by Pirrer* depend on the 
same principle. 

On the other hand, there were two other ways along which the more 
perfected methods now in use were gradually developed. One of these ways 
was intended for measuring the brightness of stars. By inserting a diaphragm 
in front of the telescope, Sir. J. Herscuen reduced the aperture of the instru- 
ment and thus diminished the amount of light coming from the brighter star 
at which the telescope was pointed. A. v. HumBoxtpt’s astrometer is based 
on the same principle. This is an ordinary mirror sextant. The telescope in 
the instrument is pointed towards a mirror, one half of which is silvered and 
the other not, one star being seen directly through the unsilvered portion and 
the other star by means of the silvered portion and another mirror. By shifting 
the telescope at right angles to the dividing line between the two halves of the 
mirror, more rays will be received from one star and fewer from the other, 
and thus the images of two stars or the two images of one star can be made 
equal or unequal at will, and the intensities of the light compared in the two 
cases. The advantage of Humspoupt’s method is that the two stars to be 
compared are seen close together in the field of the same telescope. But the 
comparison of such small intense point-sources of light is more difficult than 
the comparison of bright surfaces. This fault is remedied in STEINHEIL’s 
objective photometer.’ This is a telescope with its objective divided in half. 
In front of each half there is a reflecting right-angle glass prism. The instru- 
ment is so adjusted that the observer sees one of the stars to be measured 
through one half of the objective, and the other star through the other half. 
Then the two halves of the objective are each shifted a little so that the 
images of the two stars are blurred and no longer distinct; the intensity of 
illumination being diminished in proportion as the areas covered by the 
images are increased by shifting the two halves of the objective. Each half 
is provided with a rectangular diaphragm which may be exchanged for another 
one of a different size. When the adjustment is right, the two images of the 
stars appear juxtaposed as two large rectangles of nearly the same size and 
of equal brightness, so that the conditions are the most favourable for detect- 
ing any small differences of brightness. This was the first instrument that 
enabled us to make accurate measurements of the light of the fixed stars and 
planets. ScuweErp‘, on the other hand, used diffraction effects of small cir- 
cular diaphragms to produce bright surfaces. 

But for researches in physics, where we are concerned with ascertaining 
how much of the light has been lost on the way by refractions, reflections and 
other adventures, a good way of reducing the more intense light is by re- 
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fraction and reflection with unsilvered plates of glass. Brewster! and 
QurTELEr’ employed multiple, nearly perpendicular reflections, in order to 
compare a strong light with a weak one. Thus, for example, sunlight is ex- 
tinguished by 28 or 29 such reflections. Duws* employed in the same way 
reflections from plates of black glass such as are used in polarisation apparatus. 
Porter‘ utilized the different degrees of reflection for different angles of 
incidence. His source of light was a white screen in the form of a semi-cylinder. 
It must be supposed to be uniformly illuminated, but this is difficult to con- 
trive. The cleverest application of this principle was made by AraGo in his 
photometer; which has been used for making very accurate measurements 
of light-intensity.> The source of light in this instrument is a plane, vertical, 
transparent paper screen, placed at a window, and necessarily uniformly 
illuminated all over; although, incidentally; this can be regulated by the 
instrument itself. A plane parallel plate of glass is mounted vertically at 
right angles to the screen. Underneath the middle of this plate there is a rod, 
and around this rod as axis a tube can be turned in a horizontal plane. The 
tube is pointed horizontally at the centre of the plate, and the observer 
looking through it sees partly through the plate a portion of the paper screen, 
and partly reflected from the plate another portion of the screen. To right and 
left of the glass plate, and between it and the screen, horizontal black bars 
are mounted at somewhat different levels. These are seen close together, 
partly through the plate and partly by reflection in it. Where the reflected 
image of a black bar is, the observer gets simply light from the screen that is 
transmitted to him through the plate; but where he sees a black bar through 
the plate, the light he gets from the screen is light that has been reflected from 
the plate. The tube is now adjusted so that the two black bands appear 
equally bright, and the angle between the axis of the tube and the plate is 
measured by a suitable scale on the instrument. The incident or reflected 
light may now be subjected to all sorts of other actions, the result being that 
generally another angle will be found for which the two images appear to be 
of equal brightness. In order to calculate from this angle how much the in- 
tensity of the light has been reduced, the instrument has to be calibrated by 
preliminary experiments, and the ratio between the amounts of reflected and 
transmitted light determined empirically for different angles of incidence. 
For this purpose, Araco proposed a special method depending on the fact 
that the two beams of light in a double refracting crystal are equal in intensity, 
each being half as strong as that of the undivided beam. Thus, by halving or 
quartering one of the two beams of light by double refraction, the positions 
were found for which the transmitted light was one-fourth and one-half that 
of the reflected light, and twice as much and four times as much. Then by 
interpolation the required values of the ratio can be found also for all the 
intermediate angles. 

Arago had also suggested another method for reducing the intensity of 
light depending on polarisation in double refracting crystals. If completely 
polarised light of intensity J falls on a crystal of this sort, and if ¢ denotes 
the angle between the plane of polarisation and the corresponding principal 
section of the crystal, the intensities of the two emergent beams will be 
Icos’# and Isin’¢. If this angle can be measured, the relative intensity of the 
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beam of refracted light can be directly determined by it. One of the two 
refracted beams is eliminated entirely by a Nicou prism, the other one being 
all that is left. This is the principle of F. BeRNARD’s photometer.1 The two 
beams to be compared with each other are parallel. Each of them passes 
through a separate pair of Nico prisms that can be rotated. Then they are 
totally reflected by a right-angle glass prism so as to enter the observer’s eye 
as two parallel beams close together. By properly adjusting the angle between 
the principal sections of the pair of Nicou prisms traversed by the more 
intense beam, the observer endeavours to make the intensities the same. 
When the beams to be compared originate from the same source of light, 
one pair of Nrcou prisms can be dispensed with, and instead of them a double 
refracting prism can be employed, which splits the light from the source into 
two equal halves polarised in different planes. Brrr’s photometer? is very 
similar in principle. The two beams arrive at the instrument horizontally 
from the right and left; and each of them traverses a Nicox’s prism. A double 
mirror, made of steel, with two reflecting surfaces inclined at 45° to the 
horizon, makes the beams vertical; and now they both traverse a third Nicou 
prism and enter the observer’s eye. What he sees is a circular field, the right 
and left halves of which correspond to the two reflecting surfaces of the 
double mirror. By turning the Nicou prism the brightness of the two fields 
can be matched. ZOLLNER’s photometer’ is similar to this also. 

BaBinetT‘ employed a means of comparing the intensities of two beams of 
polarised light which greatly facilitated the operation. His photometer was 
primarily intended for comparing the brightness of gas flames. A tube 
branches out in-two arms, one being the prolongation of the tube itself and 
the other making an angle of 70° with it. They are both closed by ground 
glass plates. At the junction of the two arms a set of glass plates is placed in 
the tube along the bisector of the angle. If sources of light are adjusted in 
front of the ends of the two branches, the light from one source enters the 
common tube after having traversed the pile of plates; and is polarised by 
refraction in a plane at right angles to the plane of incidence. The light from 
the other source, being reflected at the pile of plates, is polarised in the plane 
of incidence when it enters the common tube. At the end of this tube there 
is a SOLEIL polariscope. As long as the intensities of the two amounts of 
light polarised at right angles to each other are unequal, four complementary 
semi-circles will be visible. The colours disappear when the two quantities of 
light are equalised by varying the distance of the flames. In this instrument, 
therefore, the comparison of the light-intensities for the eye is reduced to 
comparing the colours of adjacent surfaces. 

Wi1v’s photometer®, based on an idea of NruMANN’s, is similar in prin- 
ciple; but, by changing the physiological part of the apparatus, the highest 
degree of sensitivity appears to have been attained in this instrument. The 
two beams of light to be measured are parallel to each other when they come 
to the instrument. They are finally united, one of them being reflected at the 
polarising angle, first from a glass plate A, and then from a pile of glass plates 
B parallel to A, being thus completely polarised; and the other traversing 
the pile of glass plates. But before this second beam arrives at the pile B at 
the polarising angle, it has already traversed a similar pile C. This latter pile 
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5 Poagenporrrs Ann. XCIX. 235. 
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can be turned around an axis so that the light can traverse it at various angles, 
which can be measured accurately; the result being that the quantity of 
transmitted light and its polarisation ratio can be altered. Incidentally, the 
pile of plates C is so adjusted that the polarisation which it produces in the 
beam of light is opposite to that which would be produced by the pile B. If 
the second beam is allowed to traverse C perpendicularly, it falls on B without 
being polarised, and here it is oppositely polarised to the first or reflected 
beam. The two beams are here united and proceed on their way together. By 
inclining C more and more, the quantity of polarised light in the second beam 
will be more and more diminished, in a ratio that can be calculated from the 
measurement of the angle of incidence. Thus, the light in the first beam is 
completely polarised, and mixed with it is the light of the second beam com- 
posed of variable quantities of oppositely polarised light and natural light. 
Finally, this mixture of light traverses a plate of Iceland spar cut perpendicu- 
lar to the axis and a tourmalin plate. If the amounts of polarised light in the 
two beams are equal, the familiar cross with rings characteristic of Iceland 
spar will not be seen at all; but if the amounts of polarised light are not equal, 
this cross will be visible. The sensitivity of the eye was found to be extra- 
ordinarily high, so far as recognizing the polarisation pattern of the crystal 
was concerned, and the difference of intensities for repeated settings did not 
amount to more than half of one per cent. A higher accuracy still has been 
attained by Win! in his new photometer. In this instrument the piles of 
glass plates are replaced by double refracting crystals, and the polariscope 
consists of two crossed plates of rock crystal cut at an angle of 45° to the axis. 
The rays that are transmitted are made parallel by means of lenses. Plates 
of this sort show a system of rectilinear fringes. When the instrument is 
properly adjusted, it 1s simply a diagonal portion of this system that is ex- 
tinguished, the colours on the two sides being complementary. It is possible 
to focus the cross-wires very sharply on the middle of the extinguished 
fringes. The error for a single setting, according to Wip’s data, does not 
amount to more than between one and two thousandths of the total intensity 
of the light. 

TaugBor? used a rotating disc with opaque and transparent sectors for 
reducing the intensity of the light. This same means was also utilized by 
BaBIneT and Seccui’ for measuring stellar brightnesses. 

In order to relieve the physiological part of the photometrical process, 
PovitiET! suggested using daguerreotypes made on polished silver. plates. 
In order to get a positive view of such an image, it must be illuminated from 
the side, but the observer must be placed so as to see some dark body reflected 
in the plate, but none of the incident light. If, on the contrary, he sees a very 
bright body reflected in the plate, the image looks like a negative, the parts 
that should be bright being dark, and vice versa. In between, however, there 
is a certain brightness of the surface for which the image disappears entirely, 
and with the slightest change of brightness one way or the other, the image 
comes out positive or negative as the case may be. 

ScuarHAutL® has employed a physiological principle of photometry 
entirely different from any used before; but as yet he has not proved that the 


1 Mitt. der bernischen naturf. Ges. 1859. No. 427-429. 

2 Poaarnporrrs Ann. XX XV.1457, 464.—Phil. Mag. Nov. 1834. p. 327. With reference 
to this: PLaTnav in Bullet. de l Acad. de Bruxelles, 1835. p. 52. 

3 Arch. d. sc. phys. de Geneve. XX. 121-122.—Memorie dell’ osservatorio di roma. 
Cosmos. I. 43. 

40. R. XX XV. 373-379.—Poacrnporrrs Ann. LXXXVII. 490-498.—Inst. 1852. p. 
301.—Cosmos. I. 546-549. 

6 Abbildung und Beschreibung des Universal-Vibrations-Photometer. Miinchner Ab- 
handl. VII. 465-497. 
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principle is correct. He states that the time that can elapse between two 
similar light-impressions without the eye noticing the interruption is pro- 
portional to the square-root of the intensity of the light. His apparatus con- 
sists of a strip of steel clamped at its lower end so that it stands vertically 
when in equilibrium. On its upper end it carries a rectangular screen made of 
thin blackened copper-foil with a rectangular hole in the centre of it. Through 
a horizontal tube with peepholes at both ends the observer sights the screen 
on the top of the strip of steel. Beyond it the source of light is adjusted so 
that its light can only get to the observer’s eye when the aperture in the 
screen is directly in line with the axis of the tube. The strip is set to vibrating 
and shortened until there is no flicker in the light, and it seems to shine steadily. 
The intensity of the light is supposed to be (inversely?) proportional to the 
square of the vibration time of the spring, that is, to the fourth power of its 
length. Even admitting that the intensity does vary in this manner, the 
latter part of the above statement would not apply to the case of a vibrating 
spring loaded at the top. 

Lastly, it remains to mention the method used by FrauNHOFER! for com- 
paring with each other the intensities of the light of different colours of the 
spectrum made by a glass prism. 
The spectrum was observed as 
usual by a telescope, a prism P 
being placed in front of the ob- 
jective A (Fig. 39). The ocular 
is at B. A small steel mirror s, 
inclined at 45° to the axis of the 
telescope, is mounted in the 
ocular tube. A sharp edge of this 
mirror lies in the focal plane of 
the ocular lens and intersects the 
axis of the telescope. In the half 
of the ocular opening that is not 
screened by the mirror a part of 
the prismatic spectrum may be 
seen. The mirror, however, re- 
flects the light that comes from a 
small lamp flame L, which is in a 
: { 4 tube inserted in the ocular tube 
at right angles to it. This lateral tube is open above and below, and the 
flame L can be shifted in position. A little diaphragm 6 in front of the flame 
limits the portion of it that can be seen. The observer sees this light merely 
as a large blurred circle whose intensity of illumination is inversely propor- 
tional to the square of the distance sb. The lamp is now moved until the 
illuminations of the two semi-circular fields as seen through the ocular appear 
to be equal, that is, until the border between them is most indistinct. The 
numerical results of FRAUNHOFER’s measurements of the brightness of the 
different portions of the spectrum agreed very poorly, mainly, no doubt, 
because he was ignorant of the effect of the absolute intensity on the relative 
luminosity of the colours. 

_. The first measurements on the sensitivity of the eye to differences of 

light were made by Bouauerr; the result being, according to him, that the 
. . . . , 

least perceptible difference is a nearly constant fraction of the total intensity. 

Subsequently, the same result was obtained by SremvHEtL, Masson, ARAGO 


and VoLKMANN by photometrical measurements: and the ] 
investigated by FECHNER. Riihnd Oe LAY vias mor gueTly 


Fig. 39. 


1 GitBERtTs Ann. 1817. Bd. 56. 8. 297. 
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Observations concerning the different relative luminosities of colours 
were made to a certain extent by Purxrinse, and afterwards more thor- 
oughly by Dovez, and by Hetmuoxrz with respect to the colours of the 
spectrum. 

None of the matters treated in this section has been the subject of so 
much investigation and controversy as the phenomenon of irradiation. 
Naturally, the fact that bright objects appear to be magnified under certain 
circumstances, was bound to attract attention very soon. PLaTeau quotes 
a letter from Epicurus to Pyruocues in which it is mentioned that a far 
away light looks smaller by day than it does by night, and that therefore 
perhaps the stars might look too large also; and then he quotes the beginning 
of the third satire of Prrsrus: 


Iam clarum mane fenestras 
Intrat et angustas extendit lumine rimas. 


Later it was the astronomers especially who investigated the phenomena 
of irradiation, because it was a serious difficulty in observations of the sizes 
of the celestial bodies. Kupimr! attributed it mainly to faulty accommoda- 
tion, and unquestionably he put his finger on the essential thing in most of 
the phenomena of this kind. Gaturso? likewise studied it more in detail. He 
stated that the effect was more pronounced when there was more contrast 
between the bright object and the dark background; that, while bright objects 
were invariably magnified, dark objects on a bright background (for example, 
Mercury and Venus in front of the Sun) were diminished in size; and that the 
magnification of very small objects was the greatest of all. At first, like 
GasseEnp?’, he believed that it was necessary to suppose that luminous objects 
illuminated the surrounding air, but afterwards he endeavoured, more cor- 
rectly, to find the explanation in irregular refractions in the eye. GASSENDI 
subsequently changed his opinion also and supposed that the reason why the 
stars look larger at night is because the pupil is dilated. In his own case, 
the apparent diameter of the moon varied between 33’ and 38’, depending 
on the brightness of the background. The reduction in the size of small 
objects on a bright background was discussed especially by SxickaRpD,! who 
suggested at the same time that at the edge of dark objects light spread over 
into the region where the shadow was. This explanation was like that 
offered later by LE GEnrTIL,° who tried to show that irradiation was due to 
diffraction. On the other hand, Horrocxss' tried to show that the origin of 
the phenomenon of irradiation was in the eye in the same sense as GALILEO 
maintained. Dxscarres argued that the pupil was contracted in looking at 
a bright object, the eye becoming like a near-sighted eye, and that, therefore, 
the judgment of the distance and size of such objects was altered; but that, 
besides this, the disturbances of the retinal elements, especially if they were 
very considerable, could be transmitted to adjacent elements, and that con- 
sequently the image perceived would look bigger. Thus, Descartes was 
the originator of the theory of irradiation based on the transference of the 
nervous stimulation. Later on, when astronomers began to use high-power 
telescopes of good construction, it was discovered that irradiation was hardly 
noticeable any more in the case of the bigger stars; and its existence, while 


1 Paralipomena. p. 217, 220, 285. , 
2 Opere di Galilet. T. II. p. 18; 255-257, 396, 467-469. Systema cosmicum. Lyon 1641. 


Dial. III, p. 248. 
3 Opera omnia. Florenz 1727. T. III. p. 385, 567, 588-585. T. I. p. 499-508. 
‘ Pars responsi ad epistolas P. GassENnpI de Mercurio sub sole viso, Tubingae 1623. 
’ Mem. de l’Acad. d. Sc. de Paris. 1784. p. 469. (Communicated in 1743). 
¢ Venus in sole visa. Cap. XVI. Inserted after Hrvetius Mercurius in sole visus. 
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recognized by some astronomers,! began to be doubted and denied.’ In the 
case of astronomical observations, the effects of the chromatic and spherical 
aberrations in the telescope were generally involved with those of the imper- 
fections of the eye; and, necessarily, opinions on this subject were apt to be 
different, depending on the quality of the telescope in each case. In particu- 
lar, in the observation of the transit of Mercury across the Sun in 1832, 
Besse showed that, with the best telescopes, irradiation is no longer appreci- 
able in the measurements. 

While astronomers were engaged chiefly in discussing whether there was 
any such thing as irradiation, without inquiring into the causes of it, other 
natural philosophers began to take up the latter question. At first J. MULLER® 
considered irradiation, as we have done above, as due to a spreading out of 
objective light. Later on, like most other physiologists of that time, when 
the theory of synaesthesia was being developed, he also was influenced by 
PLATEAU’s very complete work on irradiation,* and attributed this effect to 
a transference of the stimulation from one element of the retina to the other. 
The phenomena that PLATEAU described as irradiation are such as an eye that 
is a little near-sighted ought to see in looking at more distant objects, that is, 
they are generally phenomena of imperfect accommodation. But PLaTEAu 
rejected this explanation, because he had also observed the slight irradiation 
exhibited by very bright objects at the distance of distinct vision, and because 
he was ignorant then of the other reasons for the spreading out of light in 
the eye, which in this case are the effective ones. Moreover, he relied on the 
fact that, according to his experiments, the apparent spread of the irradiation 
was always the same for objects at different distances; but in his measure- 
ments the distances did not exceed more than 60 cm, that is, they were 
distances within which the errors of accommodation are not appreciable any 
longer. It is curious that his experiments with lenses, that produced the 
correct distance of distinct vision and thus abolished irradiation, did not lead 
him to the correct explanation. Likewise, his statement, that two adjacent 
irradiations mutually enfeeble each other, is hard to reconcile with any theory 
of synaesthesia. For if the parts of the retina lying along the image of 
the black band are stimulated from both sides, they must be stimulated more 
than if a bright field invaded them from one side only. PLaTEAu must have 
made the above statement in order to explain why a fine black line in a 
bright field cannot usually be seen when the line is narrower than the irradia- 
tion-fringe. But on the supposition that irradiation is due to blurred images, 
the explanation is simple. 

PLATEAU’s work was reviewed and criticized by Frcunrr; and, sub- 
sequently, a more thorough criticism was made by H. Wetcxrer.® The 
latter went back to KrpLmr’s explanation, which, as a matter of fact, does 
include by far the greatest number of cases of irradiation. The only thing to 
be added to WrLckur’s work is that even at the distance of most distinct 


1 Hassenrratz, Cours de physique céleste. 1810. p. 23 — J. Herscuen, On light. T. I. 
§697. — QuETELET, Positions de Physique. 1829. T. IE. p. 81. — Branpzs in GrHLers 
physikal. Worterbuch. Revised ed. V. 796.—Rosison, Mem. of the Roy. Astron. Soc. of 
London. V. p. 1. ; 

2 Biot, Traité élémentaire d’astronomie physique. edit. 2°. p. 534, 536. — DELAMBRE. 
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3 Zur vergleichenden Physiologie des Gesichtssinnes. 1826. S. 400. 
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vision irradiation is exhibited by very minute bright objects, due to the 
other kinds of aberration of light in the eye. Other investigators agreed with 
WELCKER’s conclusions and explained irradiation by means of various kinds of 
scattering of light in the eye. Friepner,! H. Meyer (of Leipzig),? and 
Cramer, in particular, directed attention to the monochromatic aberrations, 
and Ficx to the chromatic aberrations in the eye. But all the previous objec- 
tive explanations of irradiation failed to show why the spread of brightness 
is perceived on a dark background without perceiving at the same time a 
reduction of brightness at the edge of the bright surface. The author ventures 
think the reason for this has been demonstrated in the treatment given 
above. 


Measurement of the sensitivity 
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§22. Duration of the Sensation of Light! 


When a motor nerve is excited by a brief electric shock, a short 
time (about a sixtieth of a second) elapses before the effect of the 
stimulus on the muscle disappears again. The change produced in 
the organic structures as a result of the stimulation lasts much longer, 
therefore, than the electric discharge which causes the reaction. The 
same thing takes place in the eye. We cannot as yet demonstrate, it 
is true, that the sensation arises after the light has begun to act, but 
we can easily show that it continues after the light has quite ceased to 
act.” 

The more intense the light, and the less fatigued the eye, the longer 
the after-effect will persist. After glancing towards the sun or at a 
bright flame for an instant, and then suddenly closing the eyes and 
covering them with the hand, or looking at an absolutely dark back- 
ground, one will continue to see for a short time a bright appearance 
in the dark field, of the same form as the object itself was, which grad- 
ually fades away, changing its colour at the same time. The after- 
images of very bright objects are easiest to see because they last 
longest. Incidentally, even with less brilliant objects after-images 
such as those described can be obtained, provided the eye has been 
rested sufficiently beforehand in the dark, and the object is then 
observed for a moment. The after-image of a bright body on a dark 
ground has the colour of the object at first, and often shows very ac- 
curately still the details of the object in correct form and shading. For 
example, when a person takes a last look at a lamp just in the act of 
extinguishing it and before being left completely in the dark, he 


1See Appendix B. 7 by W. Nacet at the end of this volume.—N. 
See also Appendix II. 4 by v. Kriss. (M. D.) 
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continues to see the bright image of the flame afterwards in the dark, 
surrounded by the rather fainter glow of the globe and the other 
portions. When the eye moves, the after-image moves in the same 
way, always occupying the place in the field of view that corresponds 
to the part of the retina on which the light fell originally. In order for 
the after-image to be sharply delineated, a single point on the object 
should be steadily focused. If the eye has wavered, the image will be 
faded, or perhaps there may be two or three images of the object partly 
overlapping. If the after-image is quite sharply delineated, details in it 
can be noticed under proper conditions that had not attracted atten- 
tion in gazing at the object itself and had therefore been overlooked. 

After-images of bright objects, in which the light portions appear 
light and the dark parts dark, are called positive after-images. As 
they gradually begin to vanish, they are usually mingled with other 
images, in which the light parts of the object look dark, and the dark 
light, so-called negative after-images. Apparently, these latter effects 
are due mainly to the fact that the sensitivity of the retina for light 
has been altered also by its previous stimulation. The two kinds of 
phenomena cannot be kept strictly separate from each other in a de- 
scription of them. Accordingly, the more detailed description of both 
positive and negative after-images will be reserved for the next chapter; 
while this chapter will be devoted to describing the effects of quickly 
recurrent light stimuli, in which the persistence of the light impression 
appears pure and simple, without being affected essentially by changed 
sensitivity of the retina. 


The leading fact here is that intermittent light stimuli of a uniform 
kind, occurring with sufficient rapidity, produce the same effect on the eye 
as continuous ulumination. For this purpose, all that is necessary is 
that the repetition of the impression shall be fast enough for the after- 
effect of one impression not to have died down perceptibly before the 
next one comes. 

The easiest way to show this is with revolving discs. When a black 
disc with a bright white spot on it is rotated fast enough, a grey ring 
appears instead of the revolving spot. This ring looks everywhere 
perfectly uniform, and there is no longer any movement to be seen. 
As the eye looks steadily at some one place of the apparently stationary 
ring, the places of the retina on which the image of the ring is formed 
receive in swift repetition the image of the white spot that traverses 
the circle. They get, therefore, a light impression which appears con- 
tinuous on account of the rapidity with which it is repeated. Of course, 
it is not as strong as it would be if continuous white light fell on the 
retina; and so the ring looks grey instead of white. On the other hand, 
if the eye itself is moved, carrying the point of fixation around with 
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the white spot, the latter may become visible, and thus the apparent 
continuity of the grey ring will be destroyed. Obviously, if the point 
of fixation of the eye moved so as to keep pace with the white spot and 
remained fastened on it, the image of the spot would stay right on the 
fovea, and on all the other parts of the retina there would be simply the 
image of the black disc. Under these circumstances the eye realizes 
the existence of a white spot instead of the grey ring. This is the case 
even when the motions of the fixation point and the white spot are not 
absolutely concordant, provided, however, the relative motion with 
respect to each other is comparatively slight. 

If there is another white spot at the same distance from the centre 
of the disc as the first, it likewise will be drawn out in a bright ring, 
which will coincide with that of the first spot. The impressions of the 
two points on the retina are summated. It is the same way when there 
are a number of white spots all on the same ring. Suppose, therefore, 
that on a disc of this sort concentric rings are drawn around the 
centre of the dise where the axis of rotation is. Then when the disc is 
rotated, all the places of one circular ring taken separately produce the 
impression of a uniformly illuminated ring, and all these circular images 
of the separate points fall on the same part of the retina and unite 
there into a total image. The following law can now be stated in 
regard to this phenomenon: The appearance of each circle whose centre 
is in the axis of the rotating disc is the same as if the entire light due to all 
the points in it by themselves were uniformly distributed over the whole 
circumference. This law appears to be just as valid for monochromatic 
light as for polychromatic. With reference to the activity of the retina 
itself, it may be stated as follows: When a certain place on the retina is 
stimulated always in the same way by regular periodic impulses of light, 
then, provided each recurrent stumulus 1s 
sufficiently short-lived, the result 1s a con- 
tinuous impression, equivalent to what 
would be produced wf the light acting dur- 
ing each period were uniformly distributed 
over the entire time. 

The truth of this law can be tested 
by making discs like that represented 
in Fig. 40. One half of the central ring 
is white and the other half black; two 
opposite quadrants (that is, again half) 
of the middle ring are white; and in the Fig. 40. 
outside ring four octants of white alter- 
nate with four octants of black. When the disc is set in rotation, it 


1See Dovr in Poccenporrrs Ann. LXXI. 112. — Srevevry in Siruman’s J. (2) X 
401. — Montieny, Bull. de Bruaelles. XVIII. 2. p. 4. Institut. 1847. No. 928. p. 332. 
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looks a uniform grey all over. All that is necessary is to turn it fast 
enough for the inside ring to make a continuous impression. As far as 
that goes, the white can be distributed over the circumference in any 
way we like, provided that in each ring the sum of the lengths of the 
white arcs is equal to the sum of the lengths of the black portions. 
The same grey colour will always be obtained. Different colours can 
be used instead of black and white; and then the same mixed colour 
will be obtained in all the rings, provided the sum of the arcs of one 
colour in each ring is equal to the sum of the ares of the other colour. 

By such devices the law can easily be tested in a great variety of 
ways. Of course, the comparison must always be made between one 
intermittent light and another; and obviously the conditions must 
be such that the quality of the two alternating impressions is the same 
in the various comparisons. 


In order to test the validity of the law also for comparisons between 
intermittent and continuous light, the author has used the disc 
illustrated in Fig. 40, on which the white and black arcs are equal. 
When it is in rotation, the grey has half the luminosity of the white. 
On the other hand, a grey of this sort can be obtained by laying a 
white strip of paper on a black ground and looking at it through a 
double refracting prism. In this case there will be two images of the 
strip, each half as bright as the strip itself. A larger grey surface of this 
sort is produced by placing alternate stripes of white and black of 
equal width side by side, and then holding the prism at such a distance 
that the double images of the white stripes come exactly over the black 
ones. Then the whole surface looks grey and half as bright as the 
white stripes. Now this grey is exactly the same as that produced by 
rotating the disc in Fig. 40. Of course, for this comparison the same 
black and white must be used on the disc as that with which the 
parallel stripes were made, and the two surfaces must be illuminated 
exactly alike. The rotating disc must also be viewed through the double 
refracting prism, but without separating its two images, in order that 
the light from the disc shall also be subjected to just the same reflection 
and absorption in the prism as that of the white stripes. The way 
PuaTeav demonstrated this law was as follows. He adjusted two 
rotating discs, one with white and black sectors and the other pure 
white all over, at different distances from a light until they looked 
equally bright. If n denotes the number of white sectors, and if w 
denotes the angular width of each of them, the width of all taken to- 
gether will be nw. Let H denote the luminosity of the white at unit 
distance from the illuminating light, and suppose that the light which 
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it gives out is distributed uniformly over the whole disc; then the 
luminosity will be diminished in the ratio of the area of the white 


sectors to that of the whole disc; and hence it will be er H. Let rand 


R denote the distances of the sectored and pure white discs, respec- 
tively, from the source of light, when they both look equally bright; 
then 


nw H H r2 nw 


——=— o —= —., 
360 r? R? R* 360 
PLATEAU’s measurements agree very well also with this law. 

The author has used another method too as follows. In the case 
of a disc covered with narrow black and white sectors, an apparently 
uniform distribution of the light from the white sectors can be pro- 
duced over the entire disc by viewing it through a convex lens that 
prevents accommodation. If the pupil of the eye is at the second focal 
point of the lens, so that the image of the disc in the lens falls on the 
surface of the pupil and more than covers it, the light from the bright 
sectors will appear to be spread out uniformly over the whole field 
seen through the lens. On the other hand, when the lens is nearer the 
disc, the separate white and black sectors will be seen more or less 
distinctly as long as the disc is stationary. If it is in motion, the 
luminosity is just as great, whether the lens is nearer the eye or nearer 
the disc; and hence it is evident that the eye is affected by the inter- 
mittent light just as much as it would be by an equal amount of steady 
light. 


The truth of the above proposition as far as coloured light is con- 
concerned is shown by Dover’s experiments on the phenomena of 
rotatory polarisation. When double refracting crystals are inserted 
between two Nicot prisms, well-known colour effects are obtained in 
many instances for certain positions of the latter. To some extent 
the colours are distributed uniformly over the entire field, but they 
may also form coloured patterns. In all these phenomena, however, 
the colour of each point of the pattern, as can be demonstrated by. the 
theory of the polarisation of light, will become precisely comple- 
mentary to what it was-at first, if one of the Nrcou prisms is turned 
through aright angle. This is experimentally confirmed by turning one 
of the prisms quickly, in which case what the eye sees is white. If a 
coloured glass is also inserted, then for two positions of the prism 90° 
apart the colours are such that together they must give the colour 
of the glass; as is actually found to be the case when the prism is turned 
quickly. 
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Incidentally, the law is verified for intermittent coloured light also 
by the agreement between the results of colour mixing on colour 
tops with those obtained by direct composition of coloured light, as 
by the agreement between the results of colour mixing with volour 
tops and those obtained by direct composition of coloured light, as 
was stated in §20 in the theory of colour mixing. Usually, in order 
to see the whole disc uniformly covered with the mixed colour, it is 
divided into sectors of different colours, each of which however must 
be of the same colour all over. Then the entire dise will appear in the 
mixed colour when it is rotated. But in this case the luminosity of the 
mixed colour, according to the above law, is always the average 
luminosity of the colours separately. Now with the same illumination 
all pigments look more dark than white, because they reflect only 
certain colours that constitute a part of the total white light. Hence 
also the mixed colour is invariably less bright than white; and so, 
if it is not much saturated, it looks grey. 

If a coloured star on a ground of another colour (Fig. 41) is mounted 
on a colour top and rotated, the colour of the star will be seen in the 
centre and that of the background out on 
the edge, while in between there will be all 
continuous transitions from one colour 
through the series of mixed colours into 
the other. In fact, by proper choice of the 
contours of the sectors of the colour top, 
the luminosity or the colour mixture can 
be made to vary in any way we please 
from the centre out to the edge. This was 
done, for example, in Fig. 37, so as to get a 

Fig. 41. certain distribution of the half-tone. 

The individual points of a rotating dise 
describe circles. Of course, the same continuity of effect is obtained by 
making a bright spot traverse any other closed curve. Consider for 
example, a taut metal wire painted black, except at one point which 
shines out by contrast when it is properly illuminated. When the wire 
is set to vibrating, the path of this point will show up as a continuous 
line of light, often very complicated in form. When the luminous 
point describes thus a path that does not exactly close in on itself 
but in each successive revolution comes very near to its previous 
course, the eye sees a line of light which gradually changes its form 
and position. This illustration enables us to study the motion of a 


stretched string; and there are many other useful applications of the 
same principle in physics. 
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If while the luminosity of the moving point is the same at every 
place in its path, its speed varies, the brightest places in the line of 
light will be at the points where the motion is slowest. The bright 
point loiters at these places, as it were, comparatively longer, and 
hence its light has a longer time to act on the corresponding places of 
the retina than on the places where the motion is faster. An illuminated 
vibrating string, for instance, looks brightest farthest from the position 
of equilibrium, where for a moment its speed is zero. 


Here also belong the characteristic effects of intermittent illumina- 
tion, which are produced best by the regular periodic sparks of an 
electro-magnetic induction coil with a rotating armature or with 
Neerr’s vibratory interrupter. Every single spark of this apparatus 
lasts for a very short interval and seems instantaneous as compared 
with the movements of material things; and yet the light from these 
sparks is strong enough during this extraordinarily brief moment to 
make a perceptible impression on the retina. Illuminated by a single 
electric spark, all moving objects appear instantaneously at rest. Of 
course, the eye can perceive them only as they were at the moment 
when they were illuminated. As to their position before and after this 
moment, it has nothing to go by. Hence, if the duration of the illumina- 
tion is so short that during this time no perceptible displacement of the 
body could occur, its outlines will look just as sharply defined as if 
it were absolutely at rest. 

If a series of electric sparks succeed each other at very short inter- 
vals, stationary objects illuminated in this way look just as they do 
by steady illumination in continuous light, whereas moving objects 
appear manifold. That is, each single spark reveals the moving 
object in the position in which it is at the given moment; and as all 
these impressions last a little time, they are all present simultaneously 
and cause the moving object to appear multiple. The quicker the 
movement, the farther apart the images of the body will be, because 
the distance it goes during each interruption of the light gets greater. 

Multiple images are obtained in the same way by moving the eye 
instead of the object. If there is a steady luminous point in the field 
of view, and the eye is moved, the image of the point glides over to 
another part of the retina. During the movement it traverses in succes- 
sion all continuously adjacent points of a line connecting its first 
position with its last. All these points are stimulated, and thus for an 
instant the same sensation must be produced on the retina as would 
be aroused in the immobile eye by a line of light. Ordinarily, we are 
not cognizant of this sensation. It must accompany every movement of 
the eye when there are bright objects in the field. But we notice it 
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when the continuity of the line is interrupted in some unusual way 
by intermittent light. If we employ as a bright object the region of the 
induction apparatus where the sparks occur, the bright point will 
appear multiple when the eye is moved. If we think of the line de- 
scribed by the image of the place of the spark as being traced on the 
retina, then only single places on this line will be stimulated by the 
intermittent sparks. Corresponding images will be projected in the 
field of view. 

When a moving object illuminated by intermittent light describes 
a closed path and happens to be at exactly the same place at each 
flash, it appears single and stationary. For example, the vibrating 
spring or the rotating armature of the familiar induction coil appears 
to be standing still in the light of its own sparks. The same thing 
happens when any other body of periodically changing form is illumin- 
ated by intermittent light, provided the flashes always occur during the 
same phases of the change; as, for example, when a jet of water in the 
act of breaking up in drops is illuminated so that at the instant of the 
flash a new drop arrives regularly at exactly the same place; and hence 
the spectator sees the jet resolved into motionless drops. This happens 
when the period of the flash coincides exactly with that of the formation 
of the drop, or is a multiple of it. If these periods do not correspond 
exactly, or if one is not a multiple of the other, for example, if the 
period of the flash is a little longer, there appears to be a slow move- 
ment of the drops, similar to the actual movement except that it is 
very much retarded. In this case the phases of the drop formation 
revealed by successive flashes will not be exactly the same, but each 
phase of the phenomenon will be a little later one than the preceding. 
On the other hand, if the frequency of the flashes is greater than that 
of the formation of the drops, the phenomenon is reversed, and the 
spectator seems to see the drops ascending and vanishing in the jet. 
By such means periodic phenomena of this sort that are too rapid to be 
discerned directly can be exhibited in their single stages and analyzed. 
Various artificial contrivances of the same kind will be considered 
presently when we come to describe the apparatus. 


The duration of the impression on the eye can be most easily 
determined with colour tops, whose periods of revolution can be varied 
and measured. In this method all that can be measured accurately is 
the rate of revolution needed to make the appearance of the top per- 
fectly uniform all over. Thus it is found that the speed of revolution 
has to be increased for higher luminosity. Under these circumstances 
there seem to be differences also between different colours. PLATEAU 
made a disc with twelve white or coloured sectors and twelve black ones 
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of equal width; and rotated it in ordinary daylight. Thus the time 
required for a black sector to pass was one twenty-fourth of the period 
of revolution. When the impression was uniform in appearance, this 
period was: 


Puateau Emsmann? 


Bor white... 2. ae.% 0.191 sec. 0.25 sec. 
For yellow........ 0.199 sec. 0.27 sec. 
Horired etnies: 0.232 sec. 0.24 sec. 
Hor bivestteaace 0.295 sec. 0.22 to 0.29 sec. 


Not much value can be attached to the comparison of the different 
colours here, because there was no way of giving them all exactly 
the same luminosity; and this latter factor has a very great influence 
on the duration of the after-effect. This is easily realized by rotating 
a colour top a few feet away from a lamp, at a rate that just gives a 
continuous impression, and then bringing the lamp nearer; at once the 
revolving surface begins to flicker again. In direct sunlight still greater 
rates of revolution are required. Incidentally, PLaTEau’s numerical 
results are strikingly large. Using a disc with black and white sectors 
all of the same width and illuminated by the strongest lamplight, the 
author finds that the transit of black does not take more than about 
one forty-eighth of a second for all flicker to cease; and only one- 
twentieth of a second by the dim light of the full moon. PLatTEau 
noticed, by the way, that when the ratio between the widths of the 
white and black s ectors is changed with- 
out altering the number of sectors, the 
period of revolution needed to get a 
uniform impression is the same. This 
can be shown very easily by a disc like 
that in Fig. 42, where the black sectors 
are wider in towards the centre and the 
white out towards the edge. With 
increasing speed of revolution the flicker 
ceases all over almost at the same time. 
The sensation is stronger when the 
white sectors are wider, and hence it 
diminishes more rapidly when the stimu- 
lus ceases; and so the interruption, that is, the width of the black 
sector, must be less than it is when the white sectors are narrower. And 
so perhaps it is better to make the measurements by investigating the 
duration of an entire period of the change of illumination, that is, the 


Fig. 42. 


1 Poggenporrrs Ann. XCI. 611. (As to importance of state of adaptation, see NAGEL’s 
Appendix I. B. 6, at end of volume.—N.) 
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sum of the times of transit of a white and black sector. Thus in the 
author’s experiments this time was a twenty-fourth of a second with 
strongest lamplight, and a tenth of a second in dim light. Lissasous 
observed the path of a very bright luminous point attached to the 
prong of a vibrating tuning fork and found an even shorter time for the 
higher degree of illumination, namely, that it took a thirtieth of a 
second for the entire curve to look continuous. 

Accordingly, if a rotating disc is to give an entirely uniform im- 
pression, it must make from 24 to 30 revolutions a second. But the 
same result can be obtained with slower speeds by repeating the 
pattern regularly at equal angular intervals. Thus, for instance, in 
case of the disc in Fig. 42, it takes only six revolutions per second to 
fuse the black and white of the eight sectors of the outside ring into a 
uniform grey; while the middle ring takes twelve, and the inside ring 
takes twenty-four revolutions per second. The more the luminosity 
is diminished, the harder it is to determine how long the impression 
persists before it completely disappears. Obviously, from what has 
been stated, this time depends also on the luminosity. The after- 
image of the sun may last even several minutes. Thus, while the effect 
of bright light decreases most rapidly at first, yet on the whole it 
persists longest; just as a hot body cools off more rapidly in cold 
surroundings, the hotter it is, although it takes a longer time to cool 
down to the temperature of the surroundings. With his colour tops 
PLATEAU also made measurements of this effect by finding the time 
of transit of a black sector when the colour of the bright sectors was 
so distributed over the black that the black no longer appeared pure 
anywhere. The results were as follows: 

For white..... 0.35 sec; for yellow... .0.35 sec 

Porirediacenes: 0.34 sec; for blues. 0.32 sec 
The duration of the after-effect is found to be different also for the 
different colours with respect to the changes of colour that occur in the 
after-image of a white light on a dark ground before it disappears 
entirely. However, these phenomena are related in many ways to those 
that will be described in the next chapter, and therefore it will be 
better to postpone their description until then. 

From the facts described here it follows that light that has fallen 
on the retina leaves behind it a primary effect on the nervous mechan- 
ism of vision, which is not transformed into sensation until some 
moments later. The magnitude of the primary change which is left 
behind by an instantaneous impression of light depends simply on 
the amount of light which has impinged on the part of the retina in 
question; and hence it is just the same whether very intense light 
-has acted for a short time or weaker light for a longer time, provided 
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that in any case the time the light acts is not less than the fifteenth of 
asecond. Thus the instantaneous primary action of very intense light 
does not prove to be relatively weaker than that of moderate light, as 
seems to be the case with prolonged sensation of light of different 
intensities. 

There is no conflict here, as might-be supposed at first. For the lack 
of proportionality was found to be between the objective intensity of 
the light and the resultant sensation. But here we have simply to do 
with the instantaneous primary action that is not transformed into 
sensation until afterwards; and there is nothing to prevent us from 
supposing that the magnitude of the instantaneous primary action in 
the nervous substance follows another law from that of the secondary 
effect or the sensation. Probably the best way to explain the connection 
is by comparison with the magnetic needle of a galvanometer which is 
deflected by a current that is frequently interrupted. In this case 
also the deflection depends simply on the total quantity of electricity 
that traverses the coil in the unit of time, but it is not proportional to 
it. But here too there is an effect proportional to the quantity of 
each single impulse of electricity; and that is the slowness with which 
the magnet turns and is forced by the earth’s magnetism to wait 
until the next impulse arrives if the deflection is to be kept constant. 
The magnet seems to be deflected to a stationary position, when its 
fluctuations due to the single impulses are too small to be perceived. 
And an intermittent light produces a continuous sensation when the 
fluctuations in the intensity of the sensation are less than the smallest 
perceptible degrees of sensation. 


The simplest contrivance of rotating disc, mentioned first by MusscHEn- 
BROEK,! is the top. In most of his experiments the author uses a simple top 
turned out of brass; shown in eleva- 
tion in Fig. 43 in one third actual 
size. Itis set spinning by hand; and 
so it can be easily started at any 
time without preparation, and its 
velocity can be regulated at will, 
although the greatest velocity that 
can be imparted by hand is not more 
than about six revolutions per 
second; which is enough to keep it 
going three or four minutes. Owing 
to the slow speed, the disc has to be 
divided in four or six sectors, with 
the same distribution of colour, light Fig. 43. 
and shade in each of them, to get a ; : = 
perfectly uniform impression of light. If the number of identical repetitions 
of the patterns is less than this, the result is, with strong light at least, an 


1Introductio. §1820. 
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effect of more or less play of colours. The patterns can easily be mounted on 
the top while it is spinning, and they can also be readily altered by mounting 
a dise with sectors cut out of it on top of a complete disc. The upper one can 
be adjusted on the lower one by touching it with the finger or by blowing on 
it with the lips. Thus a great many variations can be made while the top is in 
action. Suppose, for instance, the disc has blue and red sectors of equal 
width; and another one is placed on top of it with black sectors alternating 
with gaps all of the same width. When the top is set spinning, it will all look 
blue, provided the black sectors of the upper disc coincide with the red ones of 
the lower disc; but it will look red, if the black sectors of the upper disc cover 
the blue ones of the lower disc. In intermediate positions different mixtures 
of red and blue will be obtained, and so during the motion one colour can be 
made to change gradually into the other by varying the position of the upper 
dise by touching it with the finger or blowing on it. If the borders of the 
various sectors are not straight lines but curved or broken, very manifold and 
variegated systems of rings can be easily produced. 


Fig. 44. 


In order to make the top spin faster, a cord can be wound around the 
stem and pulled; the simplest contrivance for this purpose being that shown 
in Fig. 44; where cis a hollow wooden cylinder held by ahandled. It has two 
holes b and ¢ on opposite sides of its surface, .and half way between them a 
piece is cut out. The stem of the top goes through the two holes. The end of 
a strong cord is inserted in a hole in the stem, and the top is turned by hand 
until the cord is wound up, which makes the stem so thick at this place that it 
cannot slip out of the cylinder ¢. Now hold the top by the cylinder a 
little above a table, and pull the cord quickly, which sets the top to 
spinning fast; and as soon as the cord is unwound, the top drops down 
on the table and spins for a long time. The construction of the top 
is shown in Fig. 45. The discs can be clamped on it by means of the 
handle, as has to be done in Maxwetw’s experiments for verifying New- 
Ton’s law of colour mixing. For this purpose what is needed is a set of 
round discs of different sizes made of stiff paper, each of which contains a 
central opening and a radial slit, as shown in Fig. 46. Each disc is made 
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in one uniform colour. By using two or more of them together and adjust- 
ing them with respect to each other, sectors of the separate discs will be 
exposed on each 
side, whose 
width can be 
varied at plea- 
sure, and thus 
the proportions 
in which the col- 
ours are mixed 
can be altered as 
desired. 
Buso.t’s col- 
our top (Fig. 47) 
is the most per- 
fect construc- 
tion, when it is 
necessary to 
have it spin very 
fast. The disc, 
made of an alloy 
of zinc and lead, 
is a decimetre in Fie. 45 
diameter and ape 
weighs five pounds. The brass axle ends beneath in a nicely rounded point 
of unhardened steel. The cylindrical part of the axle is made rough so that 
the cord will not slip on it. To set the top in motion, the cord is wound 
round the axle, and the latter is inserted in the notches in the iron arms 
dd, and a plate placed underneath it. The operator seizes the cord with his 
right hand and pulls it hard, at the same time holding the lever e with the 


b— 


Fig. 46. Fig. 47. 


other hand. Before starting, the top must be as near the edge of the plate 
as possible; and the length of the cord should be half a foot shorter than 
the length of the operator’s arm, and it should have a handle at its end. The 
plate with the top spinning in it is pulled out from under the arms of the 
lever e, whereupon the latter rises, being pivoted at c. By pulling the cord 
quickly, the top can be made to execute as many as 60 revolutions a 
second, and it will continue in motion for 45 minutes. 
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Various other kinds of revolving discs have been used also, with their 
axles in cone bearings, which are operated by clock-work or by an endless 
chain or by a draw-cord like that used with a top. Generally, there is an 
inconvenience about this kind of mechanism, because the discs cannot be 
changed without stopping the apparatus and taking them from their support. 
On the other hand, there is the advantage of being able to rotate the disc in a 
vertical plane, so that the phenomena can be exhibited in a large auditorium; 
and with tops this is not so easy to do. Montieny also used a rotating prism 
for colour mixing. The spectrum was made to traverse a white screen on 
which it was projected. 

The thawmatrope is a little rectangular card, which can be made to revolve 
around an axis midway between it longer sides. A bird, say, is painted on 
one side, and a cage on the other. When it is rapidly revolved, the bird is 
seen sitting in the cage. The device, now used as a toy, was invented by 
Dr. Parts.! (But see p. 5 of Hopwoop and Fosrmr’s Living Pictures (1915)). 

There are various more complicated devices for observing a rotating 
disc through slits which are in rotation at the saine time. Here may be men- 
tioned STtampreR’s stroboscopic discs, which were independently invented 
by Piateav about the same time, and for which the name phenakistoscope was 
used.” 

Stroboscopic discs are paper discs from six to ten inches in diameter 
(Fig. 48), on which from eight to twelve figures are arranged in a circle at 
equal distances apart, 
representing successive in- 
stants of some periodic 
motion. One such disc is 
laid concentrically on an- 
other disc that is dark and 
a little bigger. This second 
disc has as many apertures 
ranged along the circum- 
ference as there are figures 
on the smaller disc. The 
two discs are fastened to- 
gether by a nut that screws 
on the front end of a small 
iron axle, which is attached 
to the upper end of a suit- 
able handle. The instru- 
ment is held in front of a 
mirror with the figures 
towards it, and the eye is 
adjusted to see the image of 
the figures in the mirror 
through one of the holes 
on the edge of the larger 
Fig. 48. disc. The discs are then 

set in rotation, and the 


1 Edinb. Journal of Science. VII. 87.—Poacrnporrrs Ann. X. 480. 

2 As early as November 1830, PLarzau sent a model of it to Farapay by Quere.er. 
SramPFER completed his first one in December 1832. Piarwau described his invention in a 
communication dated January 20, 1833, in the Correspondance math. et physique de Vob- 
servat. de Bruxelles. VII, 365; SrAMPFER in a special paper, Die stroboskopischen Scheiben oder 
optischen Zauberscheiben, deren Theorie wnd wissenschaftliche Anwendung, the preface of 
which is dated July 1833. 
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figures seen in the mirror appear to execute the movement, which they are 
i to represent, although each of them stays at the same place on the 
isc. 

If the apertures are designated by numbers, so that the eye looks first 
through number one, then, as the disc turns, through number two, etc.; and 
if also the diagrams along the radii drawn to these apertures are designated 
by the same numbers; then when the spectator looks through aperture No. 1, 
he will see in the mirror the image of diagram No. 1 opposite the image of his 
eye. As the disc turns, aperture No. 1 goes past his eye, and for the time 
being the image in the mirror is completely hidden by the dark disc, until 
aperture No. 2 arrives in front of his eye, and then he sees an image again. 
But now diagram No. 2 is there instead of diagram No. 1, that is, on the 
radius drawn to the eye. Then there is darkness again until aperture No. 3 
comes in front of the eye, and diagram No. 3 appears at the same place where 
the other two diagrams were just before. If all the diagrams were exactly 
alike, the spectator would get a series of separate but equal visual impressions; 
and if they were repeated fast enough, they would fuse into a prolonged 
sensation of an object at rest. But if each diagram is a little different from 
the preceding one, the separate impressions will be fused also in the image 
of an object; which, however, seems to be continually changing in the way 
that the images succeed one another. 

When the number of diagrams is not the same as the number of apertures, 
the diagrams appear to be moving forwards or backwards. Suppose there are 
mn apertures and m diagrams, the numbers n and m, however, not being very 
different; and that at first one of the diagrams is located on the radius directed 
towards the observer’s eye opposite one of the apertures. When the disc is 


us 
turned through the arc —, the next aperture arrives in front of the eye. But 


nN 
the distance of the second diagram from the radius above mentioned is equal 


2x 20 
to an arc {|———]. Nowif this arc is small enough so that the second 


nm 
diagram is nearer the place, where the first diagram was first seen, than any 


other diagram now visible, this second digram now in sight will be identified 
with the first one that was seen before; and the impression is that the first 
diagram has been seen to traverse the corresponding arc. Usually, m is 
taken equal to (n+1) or (n—1). In the former case, the diagrams advance 
with the motion of the disc, and in the latter case the movement is in the 
opposite direction. 

The narrower the apertures in the larger disc, the less of the images will 
be seen; but the fainter they will be too. Ucuatius! constructed an apparatus 
for projecting the images on a screen. A useful application of the stroboscopic 
dise was made by J. Mier? for exhibiting the phenomena of wave motion. 

The daedalion of W. G. Horner is a similar affair, except that the holes 
are on the surface of a hollow cylinder, and the figures partly on the inner 
surface (preferably transparent), and partly on the base. 

In the devices described so far the figures and apertures revolve with the 
same angular velocity. We obtain another set of phenomena when the 
angular velocities are different. i 

One of the simplest contrivances of this kind is the top (Fig. 44) made by 
J.B. Dancer of Manchester, when a second disc is attached to the upper part 
of the axle, as in Fig. 49. This disc has holes in it of different shapes; and a 
piece of string is tied to the edge, as shown in the cut. Owing to the friction 


1 Sitzwngsberichte der k. k. Akad. zu Wien. X. 482. 
2 PoaaenporFrs Ann. LXVII. 271. 
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on the axle, the upper disc turns with the top, but not so fast on account 

of the considerable resistance of the air to the thread flying around. If the 

lower disc contains several sectors of different colours, the patterns cut out 

of the upper disc appear multiplied and executed in the different colours of 

the lower disc; a much variegated picture, which appears to move sometimes 
continuously, sometimes in-a jerky fas hion. 

Consider a single aperture of the upper disc, and reckon its angular dis- 

tance from the position it has at the beginning of the time of observation. 

An eye placed in the prolengation 

of the vertical axis of the top will 

see one of the colours of the lower 

disc through the aperture, and 

this place is the index-point for 

the measurement of the angle. 

e Suppose the upper and lower 

discs make m and n revolutions 

per second, respectively, both in 

the same direction; then the an- 

gular displacement of any point 

of the upper disc in the time ¢ 

will be 2xmt, and the correspend- 

ing angle for a point on the lower 

dise will be 2rnt. Accordingly, at 

the end of this time ¢ a point on 

the lower dise will be in advance of a point on the upper disc, which was ver- 

tically above it at the beginning of this time, by an angle equal to 2r(n—m)t. 

Hence, the angular distance of the portion of the lower disc that is visible 

through the given aperture in the upper disc at the time ¢ will be 2x(m—n)t 

from the place that was seen at first; the angles being reckoned positive in the 

sense of the rotation, and negative in the opposite sense. Therefore, at the end 


of the time t= 


Fig. 49. 


pera l) the colours of the lower disc will have appeared once 


in the hole in the upper disc, and then the same series will begin again and be 

repeated. However, during this time the hole itself has turned through the 
m ; 

angle 2nmi= 20 and the series of colours that succeeded one another 

in the aperture must appear distributed over this angle, and in fact in the 

reverse order from what they are on the disc, if n>m, as is here supposed. 

The same series of colours occurs again during each sucessive interval of 


time in which the aperture turns through an angle equal to 2 . Now if 
—m 


m™ 


1 
=-—, thatis,if # = (p+ 1)m, 

n— mM p 
and if p is a whole number, then in one complete revolution of the upper disc 
the series of colours in the aperture will have been repeated exactly p times, 
and with each successive revolution will appear again at exactly the same 
place as during the first one. What we see on the upper disc in this case is a 
stationary coloured ring with p repetitions of the colours of the lower disc. If 
p is not a whole number exactly, the positions of the colours in the second 
revolution will not be precisely the same as those in the first revolution, and 
the pploures ring will appear to be gradually turning. 


m 2 


3 
2 Ds that is, if 7 = (6+ 5)m, 
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and if p is a whole number, the colours will have new positions during the 
second revolution, but during the third the same positions as in the first, 
and in the fourth the same as in the second. Thus a stationary colour effect 
may be obtained, provided the top spins fast enough for the impression on the 
eye to outlast the time it takes the hole to make two revolutions. In this 
case there are (2p+1) repetitions of the same sequence of colours; but this 
sequence is not now the same as the sequence of colours on the lower disc, 
but consists of mixtures of pairs of colours that are opposite each other on the 


lower disc. For instance, if p=1, that is, if at, the initial colour will 


appear again for the following angles: 

0°, 240°, 480° (or 120°), 720° (or 0°), 960° (or 240°), etc., 
that is, always for 0°, 120° and 240°. On the other hand, the colour on the 
lower disc on the other half of this same diameter will appear as being midway 
between the above angles, that is, at 120°, 360° (or 0°), 600° (or 240°), etc.; 
and hence at the same three places as the other colour so as to be mixed with it. 


And, in general, when the fraction oe reduced to its lowest terms is 


equal to L and the impression on the eye outlasts q revolutions of the lower 


disc, there will be p repetitions of a sequence of colours caused by mixing pairs 
of colours on the lower disc that are at the distance g apart. But if the impres- 
sion on the eye does not persist so long, the colours appear to dance to and fro. 

By varying the number, shape and size of the holes in the upper disc, of 
course very variegated kaleidoscopic patterns may be obtained in this way. 
In the case of this particular contrivance, these pictures are more variegated 
still, and the patterns are sometimes very delicate, on account of peculiar 
oscillations that take place in the upper disc. As soon as the upper disc is 
dropped in its place, the top begins to hum loudly; and if the lower disc is pure 
white, the pattern on the upper disc does not change into a system of concentric 
rings, as it would have to do if the upper disc revolved uniformly, but what is 
seen is a great number of repetitions of the form of the hole. From this it 
may be inferred that the rate of revolution of the upper disc is retarded and 
accelerated in regular alternation. These oscillations must be due to the 
friction of the upper disc against the axle. Moreover, there is another system 
of oscillations in which the centre of the upper disc moves to and fro hori- 
zontally; as is shown by certain peculiarities of the pattern as it appears 
against a white background. 

These phenomena are exhibited in a more orderly way by PLATEAU’s 
anorthoscope. Two small pulleys of different diameters, whose axles lie one 
directly behind the other in the same straight line, are driven by two endless 
cords, both of which run around the periphery of a larger disc. The latter is 
turned by a crank. A transparent disc with a distorted diagram on it is 
fastened to one pulley, and on the other there is a black disc with one or more 
slits. When the discs are revolved, the drawing appears in its correct form. 

Letting m and n denote the number of revolutions per second made by the 
screen and the pattern, respectively, we saw that all points of the pattern that 
are at the same distance from the centre will appear in turn on an arc tra- 
versed by a point in the slit in the screen whose angular measure is et 
But in the distorted drawing on the transparent disc these points are made 
to take in the entire periphery. Suppose, therefore, that the points of the 
original object and its distorted drawing are given by polar coérdinates, and 
that p denotes the radius vector drawn from the centre as pole, and w denotes 
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the angle between it and a fixed radius; and let p. and w be the coérdinates 
for the correct figure and p; and w: for the distorted figure; then 
Po= p1 
W@o1w1=m:(m—N). 
By means of these equations the distorted figure can be constructed by varying 
the angles w in the given ratio. In order that the same figures shall be visible 


again with every revolution of the disc, the arc 2a must be an aliquot 


part of the circumference, as before; that is, mon must be a positive or 


negative whole number. dear ie 
If both discs turn the same way, that is, if m and n are positive and 
n>m, then w and w; have opposite signs, and so they must be taken in 


opposite directions. Now ee will be a negative whole number, 


provided “=p is a whole number; that is, if the transparent disc makes p 


complete revolutions, while the dark disc makes one. The image is repeated 

(p—1) times on the circumference of the disc. In this case the dark disc can 

have p equidistant radial slits. ; 
When the two discs turn in opposite directions, that is, m= —y, then 


Woi@1=ui(n+y). 
The two angles, therefore, are to be taken on the same side. If Rep, and 


if p is a whole number, the number of images will be (p-+1), and the dark 
disc may again have p slits. 

Finally, if the discs turn the same way, that is, if m and n are positive, 
but m>n, then w) and w; again have the same sign, but whereas before w; was 
equal to or greater than w), now it is less. In the other cases the distorted 
figure could occupy the whole circumference, and then each separate correct 
figure took up an aliquot part of the circumference. But in this case evidently 
the greatest value of w is 27, and consequently the greatest value of the other 


n 
angle is w:={1—— }2z. Hence, the distorted figure may be reproduced on 
m 


the transparent disc several times, and indeed it will be an advantage, because 
more light will be obtained. In order therefore for this same appearance to 
recur always, the maximum value of w; must be, as above given, an aliquot 


part of the circumference, that is, m™ must be a whole number, p; and 
m—n 


hence 

NS Diet 

m p- 
In this case the number of possible repetitions of the distorted figure will be 
p, and the correct figure will be single. The number of slits may be made 
equal to (p—1). 

However, in this case also a single slit can be used, and by slight varia- 
tions in the repetitions of the distorted figure to make it represent successive 
stages of a movement, a correct image can be obtained that appears to execute 
this motion. 

If the required relations between the frequencies m and n are to be 
exactly maintained, the axles must be driven by gear wheels. With pulleys 
the ratio between the diameters and the special peculiarities of the cord can 
never be so nicely adjusted together as to prevent the gradual occurrence of 


189, 190.] §22. Duration of the Sensation of Light 223 


small deviations from the required relations, and then the restored images on 
the disc will gradually revolve around their central point. Piarrav, by the 
way, utilized this unavoidable inaccuracy in the procedure of the cord to 
produce a very gradual change of colour. He made two pulleys as nearly 
alike as possible; a transparent disc with coloured sectors of equal width was 
fastened to one of them, and a black disc with one or two equal sectors cut 
out of it was fastened to the other. If in the beginning the opening stands right 
in front of one of the coloured sectors of the rear disc, then on rotation the 
entire field will appear in this colour. However, little by little the discs will 
be displaced relatively to each other; at first a little bit of another sector of 
the coloured disc will be exposed, and by and by more and more, the colour of 
this sector continually being added to the mixture, while that of the first 
disappears to the same extent. Thus the colour can be made to change by 
imperceptible degrees. 


Here also should be mentioned certain curves that are seen when two sets 
of straight and curved rods are moved one behind the other. The first case of 
this kind to attract attention consisted of certain figures that appear on a 
carriage wheel when it goes past a row of palings.! The simplest illustration 
is the phenomenon observed by Farapay. He made two equal toothed 
wheels revolve rapidly in opposite directions one behind the other, their axes 
being in the same straight line. Owing to the rapidity of the motion, it was 
not possible to see the separate teeth of either wheel, but when he observed 
them so that one row of teeth could be seen through the other, he beheld a 
stationary wheel with double as many teeth. If we think of the teeth as being 
bright on a dark ground, then a certain amount of light will be distributed 
apparently uniformly over the dark ground by the rapidly moving bright teeth 
of each wheel, and the amount of light due to the two rows of teeth will be 
doubled at those places where first a tooth of one wheel and then a tooth of 
the other wheel goes by. But where a tooth of the front wheel hides one in 
the other wheel, the light from the latter will be removed for a moment, be- 
cause it cannot reach the observer’s eye, and a place like this appears, there- 
fore, only half as highly illuminated as the adjacent places where the two 
sets of teeth send their light to the eye unmolested. Thus, in the bright effect 
produced by the two sets of teeth those places look darker where a pair of 
teeth are superposed during the motion of the wheels. If w is the angular 
interval between one tooth and the next, then, supposing the two sets of teeth 
are superposed to begin with, another superposition will occur when one wheel 


has moved through an angle 5 in one direction, and the other has moved 
through an equal angle in the opposite direction. Hence, the angular distance 
apart of the dark bands will be only = and there will be twice as many of 


them as there are teeth. One of the wheels can be dispensed with, as was 
pointed out by Bixier Séxts, provided a concave mirror is adjusted behind 
the other wheel so as to form an inverted image of it that coincides with it. 
The same method can be used very nicely also for showing how a jet of water 
decomposes into drops. 

EMsMANN observed a similar phenomenon with the familiar model used 
for explaining the earth’s oblateness, which consists of two elastic brass rings, 
corresponding to two perpendicular meridians of the earth. On being revolved 
rapidly around an axis that represents the earth’s axis, they are bent by the 
centrifugal forces into an elliptical form. The curved surface which they 


1 Roget in Phil. Transact. 1825. I. 131. Poaaenporrrs Ann. V. 93.—PxatTeav, Ibid. 
XX. 319.—Farapay, Ibid. XXII. 601.—Emsmann, Ibid. LXTX. 326. 
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describe during their rapid motion shines out brightly owing to the light that 
is reflected by them, and dark lines are seen on this surface at the places where 
a front piece of the ring hides one behind it. The general principle of these 
phenomena has been enunciated by Puateau. When two illuminated curves 
traverse the field of view so rapidly as to leave behind them an apparently 
continuous illumination of the surface, there will be a dark line in this 
field of light connecting the points where the curves intersect each other if 
the light from one curve cannot pass through the other. 


Newton! estimated the duration of the light impression as being equal to 
one second. Subsequently it was measured by various individuals by finding 
how long the impression lasted when a red-hot coal was revolved in a circle. 
Srencer? found the time to be a half of a second; p’Arcy,? eight sixtieths of a 
second; and Cavauuo,‘ one-tenth of a second. Parror® found that the 
impression lasted for a shorter time in a bright room than in a dark one. Then 
followed PuaTEav’s subsequent measurements® on the different durations of 
the impressions of different colours; and those of EMsMANN.” 

MusscHENBROEK® mentions colour tops without naming any older 
observer. Special forms of such devices were described by E. G. FiscHEr,® 
Livicxe,” and Busout.!! 

The almost simultaneous invention of the stroboscopic discs by PLATEAU 
and SramprFer at the end of the year 1832 has already been mentioned. The 
construction of the anorthoscope by PLarEau” came in January 1836. The 
latter also developed the theory of the phenomena in much detail. 


1704. I. NewTon, Optice. Quaestio XVI. 

1740. Sraner, De raritate luminis. Gottingae 1740. 

1760. MusscHENBROEK, [ntroductio ad philos. natur. §1820. 

1765. pv’Arcy, Sur la durée de la sensation de la vue. Mém. del’ Acad. des Sc. 1765. p. 450. 
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Supplement by HELMHOLTz in the first edition. 


E. Briicxe has called attention to the fact that when discs ie 
that represented in Fig. 40 are revolved at a certain rate, the inter- 
mediate rings look brighter than the inside and outside ones; and 
hence that for a certain frequency of alternation of white and black 
the total impression of light is not only greater than it is with less 
frequency when each colour comes into view by itself without being 
disturbed by the other, but is also greater than it is with greater 
frequency when white and black are fused into a uniform grey. He 
found that the effect was greatest for 17.5 stimuli per second, and that 
about twice as many were required to see a perfectly uniform grey. 

When he looked at a disc, in which the white sectors were cut out, 
and which was covered with a red glass disc, the red got lighter for 
the same frequency that gave the maximum action of light effect. 
Brtcxke thought this had something to do with the blending of the 
positive complementary after-image of red, mentioned in the next 
chapter (p. 251). Under the same conditions, spectral green becomes 
yellower, and spectral blue is not altered. 

Evidently, we are concerned here with a complex antagonistic 
action between stimulation and fatigue of the retina. As often as the 
impression of white begins, at first the stimulation rises for a short 
time to a maximum, and thereafter dies down again, owing to the 
gradually increasing fatigue. Using white-black discs, the author has 
succeeded in developing after-images of the flicker, both with and 
without the interposition of the red glass. His experience is that the 
final persistent condition of fatigue is exactly the same for all parts of 
the disc, and that no trace of any difference can be detected in the 
after-image between the rings that flicker and those that do not; 
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notwithstanding the fact that the after-image was so distinct that the 
edge of the disc could be plainly recognized and the small knob that 
formed the end of the axle. 

On the assumption that after each transit of a black sector this 
average state of fatigue recurs, as it finally persists in the after-image, 
it must be the first moments of the impact of white that make the 
deepest impression. If the effect is then interrupted, when it has reached 
its maximum, all the sectors of this set produce just this maximum 
impression. But with asmaller number of more persistent impressions 
the number of these maxima is smaller, and the duration of the 
gradually failing impression cannot make up for the diminution of 
their number. So far as the author is concerned, the flicker impression 
with a disc of this kind is not such that there is a greater brightness all 
over the flickering ring, for there are always dark places in the ring 
as a whole. But the white, where it is visible, appears to be relatively 
brightest and purest in the flickering rings, and for this reason it makes 
a comparatively strong impression on the eye. Anyhow the impression 
of a bright light does not cease all at once, to be succeeded abruptly 
by darkness. 

When a revolving disc is viewed through a red glass, the comple- 
mentary blue-green of the intrinsic light of the retina (see p. 242) is 
seen very distinctly on the black sectors, just as it looks in the final 
after-image. On the flickering sectors, where the red appears in its 
maximum brightness and purity, it is certainly striking to see how in 
contrast with it the complementary blue-green is likewise more 
strongly forced on the attention, so that, especially in indirect vision, 
these rings appear downright bluish on the red ground of the disc. 
But the author must differ from Brijckr’s description about one 
matter; because he finds that the red is precisely more saturated 
and more brilliant in the ring between this flickering blue-green than 
in the other rings, when attention is directed to it. In this case it is as 
if two colours of opposite kind were seen superposed at the same place; 
and in the author’s judgment it is the colour that is the most altered, 
even if it is less luminous, that is, the blue-green, that attracts attention 
most. Still it must be admitted that this whole theory of the fading of 
coloured light is complicated by too many unexplained phenomena 
for anyone at present to be able to elucidate the details. 

PLATEAU’s experiment mentioned on p. 208 has been repeated by 
A. Ficx; who thinks that he has found small variations from the law 
there advanced, namely, that the impression of a rotating disc is the 
same as if the light from each ring were distributed uniformly over the 


whole ring. 
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§23. Variations of Sensitivity! 


We have seen that after light acts on the retina, the nervous 
mechanism of vision continues in the state of excitation for a long time 
still. The best way to realize this persistence of the impression is to 
turn the eye to_a perfectly dark field after it has been gazing at bright 
objects. But there is another very noticeable effect after bright light 
has been acting on any part of the retina. To new light falling on it 
from outside, this place now responds differently from those other 
parts of the retina that were not affected previously. In other words, 
the sensitivity of the visual organ to external stimuli has been altered 
here by the action of light. 

The main thing, therefore, in this chapter will be to find out what 
sensations arise when a part of the retina that has been previously 
stimulated by bright light is acted on by other external light. How- 
ever, it should be stated at once that some of the phenomena that 
are visible in an apparently dark field will have to be considered here 
also, because, as a matter of fact, there is no such thing as an absolutely 
dark visual field. Even when all external light is completely excluded, 
there still remains a certain feeble stimulation due to endogenous 
causes as manifested by the light chaos or intrinsic light of the dark visual 
field (§17). Now the sensitivity of the retina to these internal stimuli 
seems to be altered in the same way as its sensitivity to objective 
light; and hence part of our present subject is concerned with phe- 
nomena that occur in the dark visual field after the retina has entirely 
ceased to be stimulated. In this connection it may be added that in 
bright surroundings mere closing of the eyelids is not sufficient to 


1 Concerning the long-continued variations of sensitivity produced by adaptation to 
different intensities of light, see NagEx’s Appendix I, at end of this volume.—N. 
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exclude all objective light from the visual field, because it is easy to 
notice the added darkness that comes from squeezing the eyes tighter 
or from putting the hand in front of them. Indeed, in direct sunlight it 
is not even sufficient to put the hand in front of the eye, because a 
perceptible amount of red light comes through it still. Accordingly, 
what is to be understood here by a completely dark field is that of an 
absolutely dark room from which all traces of external light are 
excluded, or the field that exists in a lighted room when the eyes are 
closed and each of them covered tightly, but without pressure, by the 
palm of the hand or a dark bandage. 

Moreover, the light that acts first on the retina and changes its 
sensitivity will be called hereafter the primary light, as distinguished 
from that which acts afterwards on the place in the retina that has been 
changed, and which may be called the reacting light; because it is for 
us, so to speak, a reagent by which we test the sensitivity of the retina. 

The diversity of the phenomena of this kind is indeed very great, 
and although quite a number of notable observers have investigated 
this field, many parts of it are still uncertain and incomplete. The 
difficulty about it is that at first every observer has to gain a certain 
practice in apprehending and judging accurately the phenomena 
encountered here; and in doing this generally these experiments soon 
prove to be so trying to the eyes that severe and dangerous ocular and 
nervous trouble may ensue if they are pursued too long. Hence most 
observers thus far have been able to establish themselves only a 
comparatively few facts and to make a few new discoveries. And every 
future observer who wishes to make experiments of this sort is advised 
not to do too many on any one day, and to take a long rest from such 
work the moment he notices slight pains in his eyes or head after 
making the experiments, or in general in looking at a bright light or 
vivid colours, or whenever the after-images begin to become more 
prominent and persistent than they are in the healthy eye. 

There is the same distinction between positive and negative after- 
images as between positives and negatives in photography. Positive 
images are those in which the bright parts of the object are likewise 
bright and the dark portions dark. Negative images, on the contrary, 
are those in which the bright parts of the object appear dark and the 
dark bright. 

The phenomena will be described at first simply with respect to 
luminosity, and without reference to the change of colour that in most 
instances accompanies change of brightness, being due probably to the 

19Or the “secondary stimulus.” The primary stimulus is “the tuning light” (das 


umstimmende Licht) by which the retina is “tuned” for the “reacting light” (das reagirende 
Licht). (J. P. C.8.) 
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fact that the duration of the single stages of the phenomenon is 
different for different colours. In order to watch the normal course of 
after-images without being disturbed, the retina must first get rid of 
the after-images of previous luminous impressions; and for this purpose 
it is usually necessary and sufficient to sit a few minutes with the eyes 
tightly bandaged, until nothing is any longer to be seen in the dark 
visual field except the light chaos, whose characteristic patterns 
(bright clots, so to speak, separated by dark bands scattered like 
branches and network) we soon learn to recognize. When no traces 
of the outlines of external objects can be discerned any longer, and 
when they are not revealed by such exceedingly feeble illumination 
as may penetrate even through the closed lids, the eye is in condition 
to receive the impression. 

Now if the eyes are directed for a short time towards a bright object, 
preferably a window, without having to be turned thither for the 
purpose, and then simply opened and closed, directly afterwards there 
will be left behind a positive image of the primary bright object, as was 
stated in the preceding chapter. The less the eyes have turned, the 
sharper and more distinct this image will be; and, according to the 
author’s experience, it will be brightest provided the illumination 
of the retina by the primary light has not lasted more than about a 
third of a second. The experiments described in the previous chapter 
showed that the intensity of stimulation by light increases during the 
first moments of its action, but soon reaches its maximum. If the 
illumination continues for more than a third of a second, the intensity 
of the after-image, corresponding to the intensity of the residual 
stimulation of the nervous substance, diminishes rapidly. The prob- 
able reason for this will be shown later. Moreover, the greater the 
intensity of the primary light, the brighter is the positive after-image, 
and the longer it lasts. It should be noted here that degrees of bright- 
ness can often be discerned in the positive after-image that were not 
noticed in the direct observation, because the brightness was too in- 
tense. For instance, when a lamp with a round wick is quickly ex- 
tinguished, by watching the flame vanish, we can see by the after- 
image that the flame was brighter at the edges than in the middle; 
although (see §21) it is hard to see this by looking directly at the 
flame itself. AUBERT noticed the same thing in the after-image of the 
electric spark. Viewed directly, the spark appeared to be a faded 
streak of light, but in the after-image it was sharply delineated. 
Incidentally, even with very moderately illuminated objects, for 
example, white paper bright enough for writing or reading, positive 
after-images can be obtained by the above method that can be recog- 
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nized for about two seconds; whereas, on the other hand, the bright 
after-image of the sun often lasts several minutes. 


For obtaining really beautiful positive after-images, the following 
additional rules should be observed. Both before and after they are 
developed, any movement of the eye or any sudden movement of the 
body must be carefully avoided, because under such circumstances 
they invariably vanish for a while. After having been tightly blind- 
folded for a long enough time, the observer, keeping his hands over 
them, should direct his eyes towards the object, being careful not to let 
them move; then he should quickly remove his hands and just as 
quickly replace them again. But this movement of the hands must be 
executed gently and lightly, without any strong exertion or shaking 
of the body. If this procedure has been well practised, the positive 
after-image can sometimes be seen so sharp and bright, that it gives 
the impression as if the hands over the eyes were transparent, and the 
actual objects were visible. There is time enough to notice in these 
after-images a number of individual circumstances besides, which 
there was not time to see during the actual observation. The dim 
surfaces disappear most rapidly, without altering their colour per- 
ceptibly. The brighter surfaces persist a longer time, during which their 
colours pass through bluish hues into a violet-pink, afterwards yellow- 
red. At the time when the brighter regions pass from blue into violet 
the design of the after-image often becomes quite indistinct, apparently 
bevause by that time the relative loss of light in the bright portions 
exceeds that in the fainter places, so that the brightness is more evenly 
distributed all over; and because, anyhow, as we shall see presently 
in the next chapter, nice discriminations cannot be made except when 
the state of stimulation of the retina is being changed; and the power 
of doing so is soon lost when the stimulation has reached a steady 
stage. Subsequently, the less brilliant objects in the positive after- 
images become quite dark, and the more brilliant ones, now coloured 
pink, alone survive for a longer time. The author was much impressed 
by the after-image of a bright carpet Jighted by a sunbeam that came 
through the window and fell on it. A time came when the design on the 
carpet was perfectly distinct and everywhere equally bright, and when 
the spot of sunlight no longer attracted attention. Presently the design 
disappeared, and then the figure of the brighter spot came out again 
in pink-red light and remained to the last. Thus, perhaps also for 
certain degrees of illumination, the features of the image may become 
very indistinct in whole or in part, and afterwards more distinct; that 
is, apparently the image can almost disappear and then clear up again. 
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But by being keenly alert, it will be noticed that the ground of the 
image is distinctly brighter at the time when the character of it 
becomes confused than it is afterwards when the brightest places 
again appear outlined on a wholly black ground. In such cases, there- 
fore, it is not that the luminous impression has vanished and returned, 
but simply that the contrasts of brightness are temporarily more sub- 
dued, and the power of perceiving them has to be restored by new 
changes of colouring and brightness of the after-image. Moreover, with 
images that comprised a variety of objects of different degrees of 
brightness, the author’s invariable experience has been that the 
brighter a particular object was, the longer it took to disappear entirely 
from the positive image. The after-images which AuBERT got by 
illuminating the object by electric sparks were probably faint; and yet 
his experience was that the positive after-images persisted longer 
when the sparks were feeble than when they were strong. 

On the other hand, if there has been any violent movement or 
pressure or shaking of the eye in uncovering and covering it, the 
result at first will be a confused light chaos, out of which then the 
after-image may gradually evolve. Similarly, an after-image already 
developed will be temporarily or entirely obliterated by pressure, 
movement, or trembling of the eye, or by external light. 


Supposing that the external light had acted only a very short time, 
and was not excessively brilliant, and that the field of view has been 
kept entirely free from all traces of external light, usually the positive 
image will disappear without passing into a negative one.' But if 
while the positive after-image is still there, or just after it has dis- 
appeared, the eye is turned towards uniformly illuminated surfaces, 
or even with closed eyelids is directed to bright surroundings, a negative 
after-image appears. The stronger the positive after-image, the 
stronger also must be the reacting light to transform it into a negative 
one. There is always a certain intensity of the reacting light for which 
the positive image simply disappears without becoming negative. 
If the reacting light is more intense than this, a negative image comes 
out; if it is less intense, the image remains positive and simply becomes 
less distinct. Incidentally, as the intensity of the reacting light is 
increased, the distinctness of the after-image also becomes greater; 
until the intensity exceeds the degree that is best suited for discerning 
small fractional differences of luminosity, and then the image begins 
to get less distinct. In this way too after-images of fainter primary light 
can be obtained by using more intense reacting light, but they have 


‘Concerning the so-called Purkinse after-image following brief stimulation by light, 
see pages 383, 444 at end of this volume.—N. 
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to be carefully watched, because they disappear very quickly. More- 
over, after the positive after-image has disappeared, the negative one 
remains visible on bright backgrounds a short time still; but it like- 
wise gradually fades and disappears. In fact, when the field is per- 
fectly dark, the effect may consist in a perceptible decrease of bright- 
ness of the intrinsic light of the retina. Usually then this intrinsic light 
itself in the immediate vicinity of the dark after-image looks a little 
brighter by contrast with it. 

More intensity of the primary light imparts more clearness and 
longer duration to the negative after-image. Also, when the primary 
source of light is a brilliant object, those parts of it of different ob- 
jective intensities, but without any difference of luminosity so far 
as the sensation is concerned, can be differentiated in the after-image. 
After looking at the setting sun, the author has often noticed that 
objects which covered a part of the sun’s disc could be distinctly 
recognized in the negative after-image, although on account of irradia- 
tion there was no trace of them to be seen in gazing directly at the sun. 
Even little things like branches and leaves ‘of trees may subsequently 
become visible in this way. The sensitivity of those parts of the retina 
where the image of the sun itself was formed is, therefore subsequently 
more altered than that of the places affected by the blur circles and the 
diffused light; although there was no distinction between them in the 
original sensation. This is likewise the reason why after-images of the 
sun are usually bigger at first than the sun’s disc, and become smaller 
afterwards; because at first there is joined with it an after-image of 
the blur circles on the outer edge of the sun, but it becomes negative 
more rapidly and then disappears before that of the centre of the sun, 
where the sun’s full brightness has acted. 

The influence of the duration of the primary illumination is not 
the same for the negative after-image as it is for the positive. That 
is to say, the intensity of the negative after-image increases with the 
duration of the illumination and appears only with longer duration to 
approach asymptotically a certain maximum. By long exposure to 
powerful illumination a permanent change in fact can be produced in 
the corresponding place of the retina, as happened to Rirrer! after 
gazing steadily at the sun from ten to twenty minutes. To obtain 
distinct negative after-images, the primary illumination should be 
allowed, therefore, to continue a considerable time (about 5 or 10 
seconds with moderate light). Then the positive after-image will be 
faint and will disappear quickly; but the negative will be clearer and 
will last longer. For example, after observing bright clouds through 


1 Beitrage zur niheren Kenntnis des Galuanismus. 1805. Bd. Il. 8. 175-181. 
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the window for a third of a second, the positive after-image fades away 
in about 12 seconds, and the negative image on a brighter ground in 
about 24 seconds. But on looking at the same object between 4 and 8 
seconds, it was 8 minutes before the negative after-image disappeared. 
In this case the field of view was kept entirely dark, except that from 
time to time a little faint light was admitted through the closed lids, 
to test whether the after-image was still there. To keep the negative 
after-image quite sharply outlined, a definite point of the -bright 
object ought to be sharply focused during the illumination. It is still 
easier in the negative after-image than in the more transitory positive 
one to recognize details afterwards that had escaped observation in 
direct vision. If two different points of the object have been fixated 
one after the other, two partly overlapping images will be noticed 
afterwards also. Thus, when the sun is in the field of view, and the 
eye is made to traverse the field rapidly, the entire path traced on the 
retina by the sun’s image may be depicted also in the after-image. 
When the gaze has been fastened for a moment on single places in the 
field, there will be more intense round after-images of the sun at these 
points, and they will remain positive longer; and, when they have 
become negative, they will be darker and last longer. They are con- 
nected with each other by narrower faded bands, which are indeed 
at first bright also; but they soon become negatively darker, being 
more faintly outlined where the movement of the eye was more rapid. 
These bands are narrower than the sun’s dise and faded along the edge, 
because only a chord of the round image of the sun has passed over the 
part of the retina corresponding to their edge, whereas the middle 
portion has been traversed by a diameter, and therefore the sunlight 
has acted longer on the latter. 

After-images, whether positive or negative, follow the movements 
of the eye. Their apparent position in the field of view always corre- 
sponds to the place where an object would have to be whose image 
would fall on the part of the retina acted on by the primary light. 
Thus, if the yellow spot has been stimulated by bright light, no matter 
where the eye turns, the after-image will always be at the fixation 
point; and, when it is very active, it keeps finer objects from being seen. 
If there is a very vividly outlined after-image right by the fixation 
point, the spectator is ‘easily tempted to try to fixate it. He turns his 
eye towards it, but apparently, like the mouches volantes, it always flees 
from the point of fixation toward the edge of the field. But if the 
spectator fixates a stationary point more to the outside, the after- 
images also stand still. Their movements depend always simply on that . 
of the eye. 
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From the phenomena thus far described certain things can be 
inferred as to the state of the part of the retina and the corresponding 
part of the nervous mechanism of vision which have been stimulated 
by the primary light. In the first place we find that the state of stimu- 
lation persists there for a long time still after extinction of the primary 
light, as is indicated by the positive after-images; and, secondly, that 
the nervous substance in question is less sensitive to new reacting light 
falling on it than the rest of the retina that was not previously stimu- 
lated. Thus, after light has acted on the eye, (1) stimulation keeps right on, 
and (2) the sensitivity to new stimuli is lowered. That stimulation leaves 
behind a condition of lowered sensitivity for stimuli, is something 
that takes place also in the motor nerves and in other sensory nerves. 
Such a condition is called fatigue. 

With increased intensity of the reacting light the negative after- 
images go on getting more distinct, until the intensity reaches the point 
where small percentage reductions of it can be perceived best; and 
hence we infer that fatigue of the nervous substance affects the sensa- 
tion of new light about in the same way as if the objective intensity 
of this light were reduced by a definite fraction of its amount. There is 
a lack of sufficient metrical data here, and hence in what follows all 
that will be attempted will be to indicate the general process of the 
intensity of the sensation of a fatigued portion of the retina con- 
sidered as a function of the intensity of the reacting light. As long as 
the positive image still exists along with the negative, the stimulation 
of the retina is compounded of the stimulation due to the primary light 
which still continues and the stimulation due to the reacting light 
which has been diminished by fatigue. In this sense we can regard the 
brightness of the after-image as the sum of the brightness of the posi- 
tive image and the brightness of the reacting light reduced by fatigue. 
Now if the diminution of the brightness of the reacting light is greater 
than the brightness of the positive image, the entire brightness of the 
after-image will be less than the brightness of the reacting light, as 
it looks to the unfatigued portions of the retina. And so the after- 
image will become negative. This is what happens when the reacting 
light is brighter. But when it is less bright, the brightness of the 
positive image is more than sufficient to make up for the loss by fatigue; 
and the image is positive. 

Let H denote the apparent brightness of the reacting light in the 
unfatigued parts of the retina, and aH in the part that has been 
fatigued, where a <1; and let J denote the apparent brightness of the 


1 Concerning more modern investigations as to the sensitivity of the retina resulting 
from “adaptation” to darkness or to brightness. See Nacet’s Appendix I. A.—N. 
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positive image; then, according to the above, a must stay fairly con- 
stant when H varies. Supposing this to be the case, the brightness of 
the after-image will be aH+J, and that of the background on which 
it appears will be H. When 


then 
I+aH =H, 


and the after-image, having the same brightness as the background, 
becomes invisible. When 


If 
He 
1—a 
then 
Een: 
that is, the after-image is negative. Finally, when 
7f 
13l <Z 
1—a 
the after-image is positive. If J is very small, the apparent brightness 
Jf 
of the intrinsic light of the retina may be more than i then the 
—«& 


negative image will appear even in the darkest field. If, finally, the 
positive image has completely vanished, then H is the brightness of the 
ground, and aH that of the after-image. If with disappearing fatigue 
1 —a has become very small, a certain medium intensity of the reacting 
light will be necessary to make the difference appreciable. In the dark 
field it will not be seen then. At last when 1—a=0, the after-image 
vanishes completely. 

As to the negative images in the absolutely dark field, the evidence 
is that they arise by diminution of the intrinsic Jight of the retina. 
This intrinsic light, therefore, which we must attribute to the action 
of internal stimuli on the visual organ, is subject to the effects of 
fatigue, just as the impressions of external light are. That fatigue of 
the eye by stimulation affects its sensitivity to other stimuli, may also 
be shown, by the way, for electrical and mechanical stimulation of the 
retina. When a negative after-image has been developed, and then an 
ascending electric current is sent through the eye and optic nerve, 
the result being the bright bluish illumination of the field, the negative 
after-image will be reinforced by it; and when an image is in the act of 
changing from positive to negative, an ascending current will make it 
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negative; and a descending current will make it positive. Thus when 
the eye is fatigued for light, it reacts more feebly to the electrical 
stimulus also. If colour sensations in the eye have been aroused by 
steadily maintained pressure, on releasing the pressure the images that 
persist still in the dark field can be made negative by letting light 
penetrate through the closed lids, or by looking at a lighted surface. 
Thus, fatigue due to stimulus by pressure also makes the eye less 
sensitive to light stimulus. 

In cases of this sort where a fading after-image has been rendered 
visible for a moment by reacting light, occasionally directly afterwards 
a faint positive after-image again makes its appearance in the dark 
field. The inference here is that, while the stimulation in the fatigued 
area of the retina due to the reacting light is indeed weaker than in the 
unfatigued parts, it lasts longer. There is an analogy to this, by the 
way, in motor nerves; the contraction of a fatigued muscle being less 
powerful indeed but of longer duration than that of one that is not 
fatigued. This alternation between positive and negative images, 
which may sometimes occur, with hardly noticeable changes of illum- 
ination, from pinching the lids or moving the eyeball under the closed 
lids, perhaps too in consequence of subjective luminous phenomena 
produced by sudden pressure on the eyeball, has led some observers, 
PLATEAU in particular, to assume a spontaneous change in the condi- 
tion of the nervous mechanism during the continuance of the after- 
effect. So far as this is concerned, the author shares FECHNER’s 
opinion, that in most cases variation of illumination, movements of 
the eye or body, etc. are responsible for this change. But, of course, 
where two antagonistic influences are exactly evenly balanced, the 
least accessory circumstance may turn the scale one way or the other. 
It may be recalled that even the respiratory movements affect the 
intrinsic light of the retina. Sometimes too the images simply dis- 
appear, without changing into the opposite kind; indeed, as AUBERT 
aptly describes it, just like a moist spot drying up on a hot griddle. 
Incidentally, faint objective images sometimes vanish also in similar 
fashion when the gaze is riveted on an object, for example, _- looking 
at a landscape by night. The impression the author gets is that it is 
impossible to compare the intensity of stimulation of ¢ zrent portions 
of the retina unless the stimulation changes from time to time. In 
case of objective images this can be accomplished every time by 
changing the point of fixation; but this cannot be done wi. subjective 
images. Reference will be made to the matter again in the theory of 
contrast. Incidentally, it appears that in trying to rivet the attention 
on images of this sort and to keep the eye from being distracted at all, 
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there is the greatest feeling of exertion when the images are just fading 
out. After a while the strain ceases, and then the images come back. 
As to what internal change is involved here, the author has nothing to 
suggest. 


The following phenomena, which are explained by the above 
principles, belong here also. 

When a bright object, like a piece of white paper, is observed on a 
grey ground, and then the object is suddenly removed without changing 
the direction of the eye, a darker after-image of the white paper 
appears, as in the cases previously described. But if a little piece of 
black paper is observed on the grey ground, and this is pulled away, 
then a bright after-image appears. The place on the retina affected 
by the image of the white paper is more fatigued, that affected by the 
black image is less fatigued, than the rest of the retina on which the 
grey ground was imaged. Subsequently, the entire retina is acted on 
uniformly by the light from the grey ground, and therefore this light 
acts most strongly on the part of the retina where the black image was 
first, less strongly on that where the grey was before, and least strongly 
on that where the white image was. Now the experiment with the 
piece of black paper is important, because it shows that by prolonged 
observation of the grey ground the retina is fatigued where this light 
falls, and hence it becomes continually less and less sensitive to this 
light. Accordingly, when the black paper is removed, the light of the 
grey ground falls on an unfatigued part of the retina and produces 
there just the same impression which was made by the background at 
first. In the meantime, however, the portions of the retina on which the 
grey acts become fatigued, and so it looks much darker as compared 
with the fresh impression made on the unfatigued places of the retina. 
The difference between this experiment and the previous ones is that 
here the primary stimulus and the secondary stimulus are identical, 
both being the light of the grey ground. It shows that external light 
of constant intensity acting uninterruptedly on the retina for a longer 
tume arouses a sensation in it that continually gets weaker and weaker. 
In fact, particuarly when the light is very weak, the intensity of the 
stimulation may fall off to such an extent as to be actually imper- 
ceptible. When night is approaching, suppose that a person gazes 
steadfastly at some dimly perceptible object without altering the 
direction of his eye; it soon vanishes completely, and it is not until he 
moves his eye away that the object will usually come in sight again 
as a negative after-image. This phenomenon is very striking at 
twilight on the sea especially when one tries to scan the horizon, 
because here the after-images of each part of the horizon are con- 


203.) §23. Variations of Sensitivity 239 


gruent with every other part; and, no matter where the look is specially 
directed, the after-image of the darker sea falls on sea and that of the 
brighter one on sky. If the eye is then elevated a little, a brighter streak 
appears on the lower part of the sky, bordered below by the edge 
of the sea, again becoming visible, and above by a line running 
parallel to this which goes through the new point of fixation. This 
streak is the negative after-image of the sea projected on the sky. 
If the eye is lowered instead of being elevated, a black streak appears, 
the negative after-image of the sky on the sea, bordered above by the 
horizon, and below by a line parallel to it. "Thus, the horizon can be 
made visible by indirect vision, but it invariably vanishes on trying 
to look right at it. 

Similar phenomena occur also in looking at a white or black square 
on a grey ground and then varying the point of fixation a little. Then 
the after-image of the paper does not completely cover the paper 
itself, and the brightness of the edges is changed. The portions of the 
after-image of the white paper that fall on the grey ground seem to be 
darker; and the portions of the after-image of the grey ground that 
overlap the white paper seem to be brighter. With black paper it is 
just the reverse. If the gaze has been riveted a long time on a certain 
point of the paper, and then if it is suddenly turned towards another 
point near by, the edges of the after-image will also come out dis- 
tinctly, and the real nature of the object may be easily recognized. 
But if the point of fixation has been continually shifted, the after- 
images will be badly defined, and the bright ground in the region of the 
white paper seems merely to be a faint dark shade, the edge of the 
white paper being likewise a bright shade. A similar thing happens in 
looking a long time at a white square on a dark ground, and then, 
without changing the point of fixation, suddenly coming nearer the 
object, so as to increase its apparent size. In this case the edge of the 
square, except where it is still covered by the after-image of the 
previously observed pattern, appears to flare up brilliantly. On the 
other hand, by suddenly moving farther off, after having gazed steadily 
at the square for some time, it will appear on the dark ground sur- 
rounded by a darker border. 

As to the peripheral portions of the retina, both PurxkrNJEe and 
AUBERT noticed that the impression of bright objects disappears more 
quickly there than it does in the centre. Accordingly, this part of the 
retina seems to be fatigued much more rapidly. AUBERT found that the 
negative after-irmages on the periphery are not so intense as the central 
ones, but that otherwise they behave similarly. The author’s experience 
shows that they are much more easily overlooked than central after- 


240 The Sensations of Vision (203, 204. 


images, even on bright backgrounds; and that they cannot be readily 
noticed unless there is a change of the intensity of illumination. 


Let us proceed now to the colour phenomena of after-images. 
After looking at coloured objects and observing ‘the after-images on a 
wholly dark or white ground of different brightness, the image will be 
positive or negative depending on circumstances. In the beginning 
when the positive image is brightest, the colour is the same as that 
of the object; and the colour of the negative image, by the time it is 
fully and strongly developed, is complementary to that of the object. 
The positive image is generally changed into the negative image by 
the interposition of pale or grey hues of another sort; and in fact, as a 
rule, the sequence of these colours is the same, no matter whether the 
transition takes place by gradual decline of the stimulation or by 
increase of the brightness of the ground. 

The best way to develop positive images is by instantaneous action 
of the primary light. When a series of objects of various colours are 
seen by instantaneous exposure, the resultant positive after-image 
reveals the objects at first exactly in their natural colours. In most 
instances it disappears, a pink-red tinge spreading over it in which the 
colours that were there originally almost wholly fade out and are 
succeeded by faint yellowish-grey tones in which the positive image 
vanishes or is transformed into a dimly outlined negative after-image. 

Negative after-images are obtained better by longer fixation 
at first. The way to see them is to place a bit of coloured paper on a 
grey ground, and fasten the attention on a special point of the coloured 
paper, and then suddenly pull the paper aside. A sharply defined nega- 
tive after-image of the complementary colour will be seen then on the 
grey ground. Thus the after-image of red is blue-green; that of yellow 
is blue; that of green is pink-red, and vice versa. In general, what has 
been stated in connection with the after-images of white objects is true 
also of these after-images so far as duration and intensity are con- 
cerned. 

Thus an eye which has been acted on by yellow light, say, is there- 
after in a condition in which the blue components of white light affect 
it more than yellow does. Accordingly, the effect of fatiguing the 
retina is not uniformly extended to every kind of stimulation, but 
chiefly to stimulation similar to the primary stimulation. This fact 
is explained very simply by Youna’s assumption of three different 
kinds of sensory nerves for the different colours. For since coloured 
light does not stimulate these three kinds of nerves all to the same 


1 {Consequently, we speak of the negative after-image as the ““complementary after-. 
image’ and the positive after-image as the “homochromatic after-image.” (J. P. C. 8.) 
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extent, different degrees of fatigue must also be the result of different 
degrees of stimulation. When the eye has been exposed to red, then 
the red-sensitive nerves are strongly stimulated and much fatigued; 
whereas the green-sensitive and violet-sensitive nerves are feebly 
stimulated and not much fatigued. If afterwards white light falls on the 
eye, the green-sensitive and violet-sensitive nerves will be relatively 
more affected by it than the red-sensitive nerves; and hence the 
impression of blue-green, which is complementary to red, will pre- 
dominate in the sensation. 

Corresponding results are obtained in observing negative after- 
images of coloured objects on coloured background. Invariably it is 
principally those constituents which were predominant in the colour 
of the primary object that disappear from the colour of the ground. 
Thus, a green object on yellow ground gives a red-yellow after-image; 
and on blue ground, a violet after-image. Considering yellow as 
composed of red and green and blue as composed of green and violet, 
and supposing then that the green is diminished in both of them 
owing to the effect of fatigue, we should expect that the after-image 
in the yellow will be nearer the red, and in the blue nearer the violet. 
Generally, the colour of the after-image is always between that of the 
ground and the colour complementary to that of the object; and 
in hue, but not in luminosity, may be regarded as being a mixture of 
the two. 

The cases where the colour of the object is the same as that of the 
ground, or complementary to it, are of special interest. The best way 
of making observations in the first case is to place a black object on a 
coloured ground, and after gazing steadily for a while at a point on the 
edge of it, to remove it suddenly. Under these circumstances the 
portion of the ground that is seen near the black is to be regarded as 
the primary coloured object, and the entire coloured ground, after the 
black object has been removed, as the reacting light (or secondary 
stimulus). In this case a bright after-image of the black object will be 
obtained, in which the colour of the ground is not merely more intense 
but is also more saturated than in the region outside, so that as com- 
pared with the latter it seems to be mixed with a great deal of 
grey. With careful scrutiny, the development of dark and grey on 
the coloured ground can be noticed even before the black object is 
taken away. The effect is very striking at the latter instant, because 
then the colour at this place is seen in the way it affects the unfatigued 
eye at the first moment of beholding it. This development of grey 
in the ground does not occur simply with colours which are mixed with 
white, and in which it may be so noticeable that the hue of the ground 
disappears entirely, but even with homogeneous spectral colours and 
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certain kinds of coloured glass, from which all foreign white light 
has been most carefully excluded. For instance, suppose a piece of 
red glass coloured with copper oxide, which transmits only red rays, is 
placed in front of the eyes, the head and the edge of the glass being 
enveloped in a dark cloth, so that nothing but red light can get to the 
eyes. Now if the observer looks through the glass at a white surface, 
and places a black object in front of the surface, and then suddenly 
removes it, the contrast between the red-grey ground and the saturated 
red of the after-image will be very distinctly manifested. The explana- 
tion of this phenomenon evidently is that the retina was fatigued 
for red by looking at the red ground, and hence this part of the retina 
is less sensitive than the unfatigued parts where the image of the 
black object was. If the red is also mixed with white, the sensitivity 
for red is lowered to a relatively greater extent than for the other 
colours in the white admixture, and hence the colour must become 
relatively whiter from fatigue of the retina; but as it also becomes less 
intense at the same time, it looks grey. However, this is not only the 
case with pale red, but also with perfectly pure red, and here the 
explanation becomes more doubtful. It might be natural to suppose 
that it was connected in some way with the “‘light-mist’’ of the dark 
visual field. If the eye is closed and completely darkened while the 
after-image is being developed, there is visible in the “‘light-mist” a 
clearly defined after-image of the ground in complementary colour, 
that is, blue-green in this particular case. The internal stimuli which 
arouse the sensation of the “‘light-mist”’ elicit simply the sensation of 
blue-green in the part of the retina that is fatigued for red, just as 
objective white light would do. Now if this sensation is compounded 
with that of objective red, then a pale (or grey) red must be the result 
of it, as is observed in the experiment. 

Nevertheless, the author is not satisfied with this explanation; 
for the apparent intensity of the “light-mist”’ in front of the closed eye 
is certainly very slight. It is hard indeed to say exactly what its value 
is. However, the way the red turns grey can be observed even in very 
bright pure red light, for example, when white clouds illuminated by 
sunlight are viewed through red glass. Youne’s hypothesis would 
afford the explanation in this case. As was explained above, we should 
have to suppose then that although the spectral colours highly stimu- 
lated only one or two kinds of nerves, at the same time they excited 
the others a little. This modification of the hypothesis was necessary 
to account for the change of hue in pure spectral colours with light 
of high intensity and for the results of mixing spectral colours. The 
same assumption is evidently adapted to explain the present phe- 
nomenon. If while pure red light stimulates the red-sensitive nerves 
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excessively, it also excites the others a little; and if, owing to the strong 
stimulation, the sensitivity of the former fibres is more rapidly lowered 
than that of the latter, the colour impression must approach pale or 
grey red. 

When the primary colour is complementary to the reacting colour 
of the ground, the latter colour comes out more saturated in the exten- 
sion of the after-image than it does on the parts of the retina that 
have not been fatigued or on the parts that have been fatigued by the 
colour of the ground. If a blue-green object is placed on a red ground, 
and then removed after having been steadily fixated, a saturated red 
after-image appears, just as if a black object had beenremoved. But 
it is easy to realize that the colour in the after-image of a comple 
mentary object is even more saturated than in the after-image of a 
black object. The simplest way of doing it is to prepare an object 
which is part black and part coloured, for example, blue-green. Now 
place it on a complementary (red) ground and look at a point on the 
ground close to the border between black and blue-green; and then 
take the object away, and all over the aftereimage the colour of the 
ground will come out clearer than it was previously in the part of the 
ground that was uncovered. The after-image of the blue-green is 
somewhat darker than that of the black, but it is not as if the red were 
less luminous there; it is more as if the red in the after-image of the 
black were overspread by a pale mist, which does not interfere with 
the red in the after-image of the blue-green. Thus the after-image of 
red on red looks grey-red; of black on red white-red; and of blue-green 
on red, saturated red. These distinctions come out very plainly when 
the experiment is performed with all three shades side by side. 

On the supposition that there is some white in the red of the 
ground, the result is easily explained. The eye is not at all fatigued by 
black. Its sensitiveness to the whitish red in the after-image of the 
ground is unaltered. The eye is fatigued for red by red. Itssensitiveness 
to red in the after-image is lowered, but its sensitiveness to the other 
constituents of white is practically undiminished, the sensation being 
that of faint whitish red (grey-red). On the other hand, blue-green 
renders the eye less sensitive to the non-red constituents of the ground 
light, and therefore leaves the red to stand out in the after-image with 
less foreign admixtures. 

Similar experiments are just as successful with pure spectral 
colours. In the field of a telescope the author has projected separate 
portions of the spectrum, taking every possible precaution to get rid 
of the last traces of white light. The ground was so densely black that 
the outline of the diaphragm of the telescope could not even be 
distinguished on it, and all that could be seen were the cloudy patterns 
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of the “‘light mist’’ of the eye itself. The eye was not exposed to any 
other light except that of a small portion of the spectrum. Upon this 
coloured field after-images of complementary spectral colours were 
projected. This was accomplished as follows. A little adjustable steel 
mirror was placed in front of the ocular at.an angle of 45°. In it was 
reflected part of another very bright spectrum, suitably limited by a 
circular diaphragm. For this second spectrum such a high degree of 
purity is not necessary. The arrangements were such that the entire 
circle was all of one colour. When the little mirror in front of the 
ocular was drawn aside, the observer no longer saw the circle pre- 
viously seen by reflection, but he looked through the telescope at the 
pure spectrum. On it appeared the after-image of the coloured circle. 
Exactly the same results were obtained here as in similar experiments 
with pigments. That is to say, the after-image of the complementary 
colours appeared to be more saturated as compared with the colour of 
the ground. The latter again seemed to be covered with a whitish 
“‘light-mist’’, which was drawn aside, as it were, where the after-image 
was, thus letting the colour of the ground come out in its greatest 
purity. The important conclusion from these experiments was that 
the pure spectral colours, which are the most saturated objective colours in 
existence, still do not elicit in the unfatigued eye the most saturated colour 
sensation that rt 1s possible to have. This highest degree of saturation is 
obtained by making the eye insensitive to the complementary colours. 

Here also it might be conjectured that the white sheen that spreads 
over the ground is the internal “‘light-mist,” its disturbing factors 
having disappeared in the after-image. As a matter of fact, when the 
eye is directed on the dark ground beside the spectrum, a comple- 
mentary after-image is seen. This explanation likewise seems un- 
satisfactory to the author because the phenomenon can be seen on very 
bright spectral colours as compared with which the apparent bright- 
ness of the ‘‘light-mist”’ is presumably utterly negligible. On Youne’s 
theory, on the other hand, we would have here the pure colour sensa- 
tions of the separate kinds of nerves, in contrast with which the 
spectral colours must always look somewhat paler, because, by the 
necessary modifications of that theory, each single kind of homogeneous 
light must stimulate more than just one single kind of nerve fibre by 
itself. 

All these experiments on after-images of coloured objects on 
coloured ground may also be modified in various ways exactly as was 
done in the case of white objects; for instance, the point of fixation can 
be changed, or the object can be brought nearer the eye or moved 
farther away. Thus, suppose we have a blue disc on a yellow ground, 
and that after gazing steadfastly at a point of the disc, the point of 
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fixation is altered; then the after-image of the blue disc will fall partly 
on the ground and partly on the disc; and the same way with the after- 
image of the ground. Where the after-image of the disc falls on the 
ground, the yellow looks more saturated; and likewise where the 
after-image of the ground falls on the disc, the blue looks more satur- 
ated. But where the after-image of the disc falls on the disc, and the 
after-image of the ground falls on the ground, the blue and yellow 
seem to be mixed with grey. The result of the other variations of 
these experiments can be understood without special explanation. 
Contrast phenomena are sometimes involved also. If a little bit of 
white paper on a red ground is fixated, and if the after-image is then 
projected on white, the after-image of the red ground will be blue- 
green, and that of the small white field will be red by contrast with the 
green, as will be shown in the next chapter. The best way to perform 
the experiment is to lay the coloured paper on a white sheet, and 
then holding the bit of white paper on the coloured paper with a for- 
ceps, to pull the coloured paper away. There is also a faint contrast 
colouring of this sort around the after-image of a coloured square on a 
white ground. 


However, coloured after-images, usually with very diverse varia- 
tions of colours, may be obtained also from white objects, not simply 
from coloured ones. These phenomena are commonly known as the 
chromatic fading of after-images. The sequence of the colours is 
different here, according to the duration and the intensity of the 
primary impression. The colour sequence after instantaneous observa- 
tion the author finds is like that described by FecuNnER! and Steur.,? 
The original white passes quickly through greenish blue (green, 
Sicurn) into a beautiful indigo-blue, later into violet or pink-red. 
These colours are bright and clear. Then follows a dingy or grey 
orange, during which the positive after-image nearly always changes 
into a negative one, and in the negative image this orange often 
becomes a dingy yellow-green. After very brief action of the primary 
stimulus orange is usually the last colour, and the image fades out 
before it becomes negative. AUBERT also found the same colour 
sequence after looking at the rather bluish spark of a Leyden jar, 
except that the orange was not easy to make out on a dark ground; 
although both it and the subsequent green were very distinct on white. 
The image is surrounded by a yellow halo, perhaps the negative 
after-image of bluish light diffused in the eye by irregular refraction. 


1 Poaa. Ann. L. 220. 
2 Annales de chimie. 3. Ser. XLI, 415-416. 
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The phenomena described so far have to do with the behaviour 
of the after-image in the perfectly dark field. As to the formation 
of negative after-images in this case, they seem to be merely nebu- 
lously sketched-in in the intrinsic light of the dark field. If, during 
the existence of an after-image of this sort, reacting light is gradually 
admitted by slowly withdrawing the hands or a dark cloth that has 
been over the eyes, it is generally noticed that the after-image in 
this case passes into the later stages of its colour development, and 
retreats again when the reacting light becomes fainter once more. 
For instance, if light is allowed to enter when the image is blue amid 
perfect darkness, it fades through pink-red into a negative yellow 
image. On again covering the eye quickly enough the blue reappears. 
If the image is pink-red amid perfect darkness, dim light makes it 
yellow-red, etc. After the positive after-image in the dark field has 
finally gone completely, a grey or green-grey negative after-image 
on a faintly illuminated ground may still be seen for a while longer; 
the brighter ground surrounding it, which corresponds to the un- 
fatigued portions of the eye, now being pink-red. 

In explanation of these phenomena PLaTEAvU supposed that the 
duration of the separate stages of the after-images may be different 
for different colours; and he tried to demonstrate this also directly by 
the experiments described in the previous chapter. A complete ex- 
planation would involve knowing perfectly not only the deportment 
of the residual stimulation but also that of the fatigue. Still some 
conclusions can be drawn from these experiments. Thus, in the 
perfectly dark visual field the first brightest stages of the phenomenon 
are fairly independent of the degree of fatigue, because this does not 
come into consideration until the brightness of the positive after-image 
can no longer be clearly distinguished from that of the intrinsic light. 
It is probable, therefore, that the green-blue, blue and pink-red phases 
are simply due to the residual stimulation, and that in the yellow and 
green phases, when the negative after-image develops, fatigue is 
a factor also. Ac- 
cordingly, it is to 
be inferred that 
the residual stim- 
ulation for the 
three colours, red, 
green and violet, 
declines in some 
such way as that 
indicated in Fig. 50. The abscissae denote time, and the ordinates of 
the curves represent the intensity of stimulation. The unbroken line 
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corresponds to green, the dotted line to violet, and the broken line to 
red. The positive after-effect for all colours falls off continuously, the 
drop being greatest for red at first and afterwards least; the case being 
just the other way for green. For the intensities of colour sensation 
here represented, blue-green will predominate during the time from 
0 to 1; blue at 1; violet at 2; purple at 3, which gradually changes more 
into red. However, owing to fatigue a greenish after-image is developed 
in the pale internal “‘light mist,’’ and so this factor has to be considered 
as a matter of fact; and thus the fatigue for green, whose residual 
stimulation has disappeared most rapidly, appears finally to be the 
least. This green negative image, mixed with positive red, will give a 
yellow, which may appear brighter or darker than the ground according 
to the greater intensity of one colour or the other, and at last will 
change over to green, when the red also is extinguished. In PLaTEavu’s 
experiments on the duration of colour impressions, the same law of 
decline was obtained; those impressions which fall off most rapidly at 
first persisting longest ultimately in faint traces. The series of colour 
phenomena is quite different when fatigue has become more pro- 
nounced, as it is after prolonged action of white light or after the action 
of very intense light. FrcHNER’s observations indicate that with 
prolonged exposure to the stimulus of white the influence of fatigue is 
manifested by the white’s becoming coloured even while it is still 
visible. Having kept his eyes shut a long time so as to get rid of the 
effects of previous impressions, he directed them at a white field on 
black paper illuminated by sunlight. During the first moments there 
was a sort of blinding, and he could not be certain about the presence 
or absence of colour. In fact, it seems that colour does not develop 
until after some time. But soon the paper was coloured distinctly 
yellow, then blue-grey or blue (without going through any transition 
stage of green, so far as could be detected in numerous experiments), 
the red-violet or red. The yellow phase was the shortest. The blue 
often lasted quite long before it changed to the next. No other colours 
succeeded red or red- 
violet, although the 
experiment was con- 
tinued until the eye 
was under much strain. 
Even in diffused day- 
light he often perceived 
the given series of col- 
ours, but sometimes more distinctly than at others. The last two 
colourations could generally be recognized here better than the yellow. 
The phenomena were represented by FecHNER by three curves, but 
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with different fundamental colours; as shown in Fig. 51, where again 
the abscissae are proportional tothe time, and the ordinates indicate 
the intensity of stimulation of the retina in continuing to look at a 
white surface. The continuous curve represents green, the dotted 
curve red, and the broken curve violet. In the time from 0 to 1 the 
colour would be yellow-green; at time 1, pale green; at time 2, pale 
blue; at time 8, violet, and afterwards pink-red. 

After longer and more intense action of primary white light the 
after-image on a wholly dark field shows the following colour series: 
White, blue, green, red, blue; and on white ground, ultimately blue- 
green and yellow besides. In the red the image becomes negative. 
S&GUIN includes some intermediate stages in his description. The 
colours of the first series are for him white, green, blue; those of the 
second (negative) series being yellow, red, violet, blue, green. If the 
action of the white light has exceeded a certain time, this colour series 
is constant and is not changed any more by longer action. On briefer, 
but still not just instantaneous, exposure to a primary stimulus of white 
light that was distinctly tinged with yellow, the colour series was 
yellow, blue, red-yellow; then it became negative green. BRUCKE gives: 
Green, blue, violet, red; after which the image is negative without 
distinct colour. Thus the blue phase seems to be always the first 
variation of the primary light impression; then follows a pink-red, 
red-yellow to green positive phase, depending on the duration of the 
primary impression.! 

In these coloured after-images also, as was the rule with the others, 
the later phases of the after-image are produced by making the back- 
ground whiter; whereas when the reacting light 1s reduced in intensity, 
the after-image may return through its earlier phases. Whenever the 
author has observed after-images of uniformly lighted surfaces, with 
the eye properly accommodated to see them, the alterations of colour 
were either simultaneously visible over the whole area of the after- 
image or they could be seen advancing from one side or the other, 
perhaps not very regularly. But after looking at the sun or some 
brilliant object of that sort, usually the changes of colour of the image 
proceed from the edge towards thecentre. Irregularities of refraction, 
which, in the case of very bright objects, always scatter a great deal 
of light in the vicinity of the image, have something to do with these 
phenomena. But besides this, the eye is so blinded by the light that it 
is almost impossible to hold the accommodation steady and keep the 


1 For me and other deuteranopes (says NaggL here) a deep blue after-image appears 
on looking at a dark ground after the action of bright white light. While this after-image 
lasts, all red, yellow and yellow-green colours (homogeneous lights as well as pigments) 
shade off to white or grey.—N. 


211, 212.] §23. Variations of Sensitivity 249 


eye fixed. The result is that the place on the retina where the image is 
formed of the central part of the sun is subjected more constantly and 
more intensely to the action of light than the part near the edge of the 
image. The sun itself is surrounded by the afterglow of the light 
diffusely scattered in the atmosphere and in the eye itself. When the 
eye has been in the dark and is then suddenly exposed to the sun for a 
moment, the contour of the sun’s body can hardly be discerned in the 
dazzlingly luminous surface. Thus in these cases there is always a 
gradually diminishing action of light from the centre towards the 
edge, and the result is a correspondingly different deportment of the 
separate phases of the after-image. The more intense the action, the 
more slowly do the individual phases proceed on the whole; and hence 
at the edge of the after-image generally the earlier stages are seen 
gradually advancing towards the centre. Besides, owing to the slighter 
degree of fatigue, the sequence of colours out towards the edge is 
usually somewhat different from that in the centre. In keeping with 
this explanation, the after-image in its first stages has a greater extent 
than the apparent size of the sun, and it is natural to mistake the 
entire after-image for the image of the sun’s disc alone, and to suppose 
that the different coloured rings developed there belong to it, when 
in fact they correspond to its halo. The best way of getting a well 
developed after-image of the sun is to take a very dark coloured glass 
(or a smoked glass or a pile of several glasses of complementary 
colours) and look at the sun through it. Then it will appear simply as 
a dimly visible disc of light. Now remove the glass for a moment, and 
close the eyes immediately. The action on them has been compara- 
tively slight, and they have not had much time to change their adjust- 
ment. Meanwhile, however, the after-image develops very brilliantly. 
And in this case the author can also see a nucleus in the after-image 
which is uniformly coloured all over and is about the size of the ap- 
parent disc of the sun. Therefore, the deviations on the border may 
be attributed to errors of refraction in the eye. 

Under these circumstances, in the environs of the sun’s image the 
phases of the after-image due to white objects that have been seen 
for an instant pass rapidly in review: positive blue, pink-red passing 
through yellow into negative dark green; while the image of the sun 
itself in this first phase appears as a faded, more or less round white 
spot, which, at about the time when the ground has become pink-red, 
enters the second phase and is colored bright blue. The second phase 
usually passes rapidly into the third, by the blue becoming green 
first at the edge, then at the centre also, while a red-yellow border 
arises at the edge which is darker than the surrounding field, and on 
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the outer edge of which, still in this same phase, a still darker blue-grey 
border is traced. If during this phase the eyes are directed to a white 
field, the positive green passes through violet into the negative blue- 
red of the following phase. 

The fourth phase arises by the red of the border spreading itself 
over the centre of the image. The blue-grey border thereupon becomes 
broader and darker. The entire after-image now is darker than the 
surroundings. In contrast with it the latter appears whitish or greenish. 
This is the last negative green of the image of the sky. The after- 
images of any window-bars that happen to be in the field appear bright 
on it. If in this phase the eye is directed towards a white ground, the 
red passes into green-blue. 

Finally, in the fifth phase the entire after-image takes on the blue 
colour of the previous border and disappears in the dark field generally 
in this stage of the blue, whereas on a white field it appears green-blue. 

These are the phases as given by Fecunrer. The author would like 
to add a sixth phase, in which there is nothing of the after-image any 
longer perceptible in the dark field, but perhaps still a yellow or 
brownish appearance on a white field. Finally, after quite a little time 
this disappears also. If during this time, and even still later, when 
the yellow appearance has gone, the eyes are exposed to white and 
then suddenly closed, a faint positive bluish after-image reappears, 
but it quickly fades out again. Then if the eyes are opened and exposed 
to white, the yellow after-image instantly reappears. In the writer’s 
opinion the explanation of this effect is due to the fact already men- 
tioned, that in a fatigued nerve the new stimulation dies out more 
slowly than in the surrounding unfatigued parts of the retina. 

Incidentally, the way these after-images of intense light act does 
not seem to be essentially different for different persons when they are 
developed under the same conditions. At any rate the writer’s observa- 
tions in this connection are in accordance with those of FecHNER and 
SEGUIN, as far as they go. 

In this complicated colour sequence it may be conjectured that 
both the time needed for the impressions of the individual colours on 
the retina to disappear and for the perception of the intrinsic light 
may be altered by the ensuing fatigue; and since we have no exact 
knowledge of these relations and do not know how the various degrees 
of the fatigue itself die out in the separate colour sensations, it is 
impossible to give a complete explanation of the individual stages of 
this colour fading. The progress of fatigue and its effect on the progress 
of the stimulation for the separate purer colour impressions would first 
have to be determined and compared. 
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The phenomenon is certainly very much simpler in case of the 
fading of the after-image produced by the impression of saturated 
colours, but even then it is not entirely without colour changes. The 
main features of the phenomenon have already been described. First, 
there is a positive image in the same colour as the primary light, and 
afterwards a negative complementary image. But when the luminous 
impressions have been quite vivid, usually the transition from positive 
to negative does not occur by one image simply fading out and the 
other then becoming visible; but in this transition stage the colour 
changes by passing through whitish tones. In case there were no other 
colour in the field of vision but that of the primary light, the colours 
of the fading image always still seem to be tolerably saturated; and 
they have been so described by several observers, because there is 
nothing to compare them with in the dark visual field. But if at the 
moment of exposure the primary object displayed various colours of 
about the same luminosity, the after-images in the transition stage 
from positive to negative will exhibit much slighter differences of 
colour than the original colours; being all strongly mixed with the 
pink-red or yellowish white that appears also in the after-images of 
instantaneously exposed white objects. The after-image obtained by 
looking at a prismatic spectrum for a moment is particularly interesting 
in this connection. After the primary colours in the after-image have 
been visible for some seconds, and the faint colours at the ends of the 
spectrum have become entirely dark, the whole after-image changes 
into a whitish-red streak of the same form as the spectrum, in which 
colour differences are scarcely any longer indicated; except that the 
former yellow and orange tend towards blue somewhat, and here at 
the place where red was formerly its green-blue after-image is formed, 
being negative by this time. In order to tell where the previous colours 
had been, the writer made a black mark on the white screen where the 
spectrum was projected, parallel to the bands of colour which con- 
tinued visible in the after-image. And thus he realized that the 
reddish-white after-image corresponds to the whole extent of the 
spectrum from orange to indigo. The same result is obtained by 
exposing coloured papers of nearly the same luminosity in sunlight, 
and then developing an after-image by taking a quick look at them. 

The conclusion is that when coloured objects have been exposed 
to the eye for a moment, first, the predominating colour disappears 
in the after-image, and so the image becomes like that of a white 
object, usually the pink-red phase being specially prominent in this 
case. Then the complementary colour of the negative after-image 
develops gradually; but it may be visible even before the positive 
image has changed to negative, and thus it may look brighter than the 
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dark ground. The author believes that the emergence of the comple- 
mentary colour is due to the fact that by this time the positive image, 
having become faint and white, coincides with the negative and 
complementary image arising in the intrinsic light due to the fatigue 
of the eye. Obviously, such a coincidence between positive white and 
negative blue-green, as might be obtained by looking at red, may give 
a greenish-white positive image. These positive complementary images 
are mentioned by several observers.! When they are by themselves 
in the visual field or together with the primary colours only, the com- 
plementary colour appears to be tolerably saturated. But when they 
can be compared with after-images of other colours, the author’s 
invariable experience has been that the complementary colour seemed 
to be strongly mixed with white or grey, as long as it was still brighter 
than the ground. It is in the negative after-image that it first becomes 
more saturated. 

The way these phenomena would be explained by Youne’s colour 
theory is thus: Each objective colour, even the most saturated, is 
subjectively mixed with white. The strong stimulation corresponding 
to the prevailing colour declines relatively faster than the weak stimu- 
lations due to the other colours contained in the white, and hence the 
resultant colour impression becomes weaker and at the same time 
approaches white. Then during the dimmer stages of the positive 
image, the negative image induced by fatigue finally gets the upper 
hand and exerts an appreciable influence by its colouration. 

The fading that occurs after momentary exposure of the eye to 
single colours proceeds in a somewhat different manner, depending on 
their connection with the hues of the waning white. It is usually 
simplest with green, because its complementary pink-red is the same 
as the pink-red of the waning white. This hue is developed therefore 
in special intensity and beauty. Greenish blue passes through blue 
and violet, and blue through violet, into pink-red. In the latter case 
the succeeding phase of yellow comes out purer and more vivid, because 
it coincides with the complementary blue. In the case of the colours 
mentioned first, the green-blue and blue phase of the fading white 
preceding the pink-red phase may perhaps not be noticeable on 
account of their similarity to these colours themselves; but it seems 
to be the case with yellow, which passes through greenish white into 
violet, and with red. In the case of red there is more of a violet, sub- 
sequently grey-green colour, instead of pink-red. Incidentally, it 
disappears comparatively soonest of all. It has been mentioned that 

1 PuRKINJE, Zur Physiologie der Sinne. II. 110. — FecHneR in Poacenvorrrs Ann. 
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when there are no other colours in the visual field for comparison, the 
green stage frequently looks like a saturated green. AUBERT’s experi- 
ments are also in essential agreement with these observations. He 
examined the electric spark through coloured glass. The only difference 
he got was that much adulterated yellow gave him still the yellow stage 
of the waning white after the violet, before it reached the negative blue. 
Usually too a corona of light formed, and ran through the stages more 
rapidly. 

After longer or more intense action of primary coloured light, 
during the transition from the positive homochromatic image to the 
negative complementary one, some of the phases exhibited by white 
light are likewise noticeable at this time. In particular, the red border 
surrounded by the blue-grey one often appears. FecHNER has made 
experiments of the same sort by looking at the sun through combina- 
tions of various coloured media which transmitted only one or two 
colours of the spectrum. The author can supplement them by some ob- 
servations of his own on prismatic colours, made by viewing a circular 
diaphragm illuminated by sunlight which had been transmitted through 
a prism. When the coloured light is so intense that it looks white or 
yellow, this effect remains also in the after-image at first, but grad- 
ually the characteristic colour is then developed clearly. 

FECHNER obtained homogeneous red light by looking at the sun 
partly through a red glass and partly through a thick layer of litmus 
tincture. By direct observation it appeared yellow on account of its 
high intensity. The after-image too was yellow at first, the edge being 
red; and afterwards as the intensity diminished, it got red all over, 
and at the same time a dark blue-green border came into view. In 
this experiment when the field is dark, usually no distinct negative 
image develops. But on white ground the green-blue colour of the 
border becomes central. The author has noticed the same thing with 
prismatic red. In these experiments the transition from red to green- 
blue was made through violet. But after looking at a flame through a 
red glass for quite a while, the transition usually is made through a 
positive yellow-green followed by green-blue. 

Frecuner obtained homogeneous yellow by combining two pale 
yellow glasses with a green glass and a pale red glass; so that except 
for a little green nothing but yellow was transmitted. The after-image 
looked yellow with red edge, the latter being surrounded by a dark 
blue-green ring. With a simple yellow glass, which transmitted red, 
yellow, green, and a trace of blue, there followed yellow, green, then 
blue-grey, with red-black encircling ring. With pure prismatic yellow, 
the author likewise observed the transition into green and the red- 
black ring. The green and red occur under the same conditions in the 
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after-image of white. On the other hand, after having exposed his 
eye to a candle flame between 12 and 60 seconds, PURKINJE! saw the 
following colour series: brilliant white, yellow, red, blue, faint white, 
black. 

FEcHNER got a tolerably pure green mixed with yellow, by using 
a green glass with a bright blue glass and two bright yellow glasses. 
Through this combination the sun looked greenish-white; and so did 
the after-image, surrounded by a black-red ring. He got green, mixed 
with very little blue and yellow, with three green glasses and a yellow 
one. The sun looked almost white, the after-image being a little 
greenish with bluish-white border, and afterwards bluish-white with 
black-red ring around it, encircled for a while by a faint lilac sheen. 
With prismatic green the author got a green after-image bordered by 
blue; and on a white ground, dark purple bordered by yellow. 

With a copper sulphate solution FrecHner got blue mixed with 
green. The sun looked white through it. At first the after-image was 
also white, and then blue. Then a positive green developed, surrounded 
by a negative red edge. With prismatic blue the author also got the 
purple border, but the surrounding area was complementary golden 
yellow. 

With a thick layer of copper sulphate solution and ammonia and 
a piece of violet glass FecHNER got homogeneous violet. The sun 
appeared bluish-white. And so did the after-image at first; then it got 
dark violet, with a black-red ring around it, the ground beyond being 
greenish. The phenomenon disappeared before the dark red became 
central. 

In all these cases where the border of the after-image begins to 
become negative, there is the same red border that occurs also with the 
after-images of white, as if the homogeneous colour were mixed with 
white; the fading phases of which become noticeable at the time when 
the positive after-effect of the principal colour is evenly balanced with 
the complementary negative one. 

When the intensity of the primary stimulus of white or coloured 
light is low, or when it is moderate but very short-lived, positive images 
are left behind that fade out through very pale coloured whitish tones 
of indefinable hue, which may be changed in the most striking way 
by contrast; and this change is responsible for some very curious 
apparent conflicts in the results. When there are many different 
coloured objects in the visual field, the colour differences fade out in 
the after-image. The after-images obtained by AuBsrt by illuminating 
coloured objects by the electric spark were apparently also of this sort. 
Thus, red squares on white were red to him in the after-image. On the 
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other hand, a broader red strip, cut from the same paper, with white 
squares on a white ground, gave green. The after-image of blue and 
yellow strips with black squares on a black ground was always yellow 
to him. On a white ground both strips gave blue after-images. What 
these differences are due to, is yet to be ascertained. 


Other phenomena of the fading out of colour may be observed with 
colour tops with black and white sectors, by not letting them revolve 
so fast as to make a perfectly steady impression on the eye. If the top is 
made to spin slowly at first, and then gradually faster, while the eye 
watches it steadily without trying to follow the movement, it will be 
noticed that the white is coloured; being reddish on the front advancing 
edge, and bluish on the edge coming on behind. With fainter light the 
reddish hue tends more to red-yellow and the bluish to violet; but 
when the light is stronger, the first hue is more pink and the latter 
more green. With slower rotation the bluish hue at first is spread over 
a wider part of the white than the reddish. But when the speed is 
faster, red spreads out all over the white as pink-red, and green-blue 
extends over into the black sectors; and on the whole, violet appears 
then to predominate on the disc. With still greater speed, the different 
sectors can no longer be distinguished apart, and seem then to be 
sprinkled over with some fine particles, and little sparks flicker back and 
forth between violet-pink and green-grey. At last, when the speed is 
still further increased, the sparkling becomes fainter, and the grey 
mixture of white and black comes out more and more; being sometimes 
overspread by spots of violet-pink of variable size which are formed 
like the spots and streaks in watered silk.! 

These various stages of the phenom- 
enon may be scen side by side very nice- 
ly by using a disc with three concentric 
rings, like that in Fig. 52; in which the 
inside ring is composed of two, the mid- 
dle ring of four, and the outside ring of 
eight equal sections, alternately white 
and black. When the disc is revolved at 
a certain speed, the inside field will look 
white with a greenish colouring, the 
middle field will be pink-red, and the 
outside field will exhibit the finely mot- Fig. 52. 
tled flicker. With higher speed, the in- 
side field shows the pink-red colouring and the middle field the finely 
mottled flicker, while the outside field gives a grey with violet tinge. 


1 See also BipwELL, Proc. Roy. Soc. London LX1I, 268-272, and v. Kriss, ‘‘Farbeninduk- 
tion durch weisses Light” in NacE1s Handbuch d. Physiol. d. Menschen Bd. III, 8. 245.—N 
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It may be added that the ring where the pink-red is developed most 
purely always looks darker than an adjacent ring where the alternation 
is proceeding more slowly or more rapidly. The order of the colours, as 
they show up at first on the white areas of a disc of this kind cannot be 
recognized without some practice. 
It is easier to do it with a disc 
composed of two spirals of equal 
width, one black and the other 
white, as shown in Fig. 53. What 
this means is, that when a point 
on the retina is exposed to rapid 
alternations of whiteness and 
blackness, so that the stimulation 
is increased and lowered in quick 
succession, the maximum stimula- 
tion does not occur at the same in- 
stant for all colours, but the stimu- 
lation for red and violet begins 
sooner than that for green.’ 
These colour phenomena generally do not begin until some time 
after the observation has been in progress; and then they become 
gradually always more brilliant. Apparently, therefore, the eye has to 
be fatigued by the flicker to a certain degree before this result can be 
obtained. Moreover, other phenomena besides are connected with it 
which seem to proceed from an unequal sensitivity of different parts of 
the retina to this sort of stimulation. Thus, in the flickering light certain 
patterns become visible which are partly connected with definite places 
on the retina, that is, what is known as PuRKINJE’s “shadow figure.’”! 
When the revolution of the disc is so rapid that the single sectors can 
no longer be distinguished apart, the number of sectors appears to be 
greater, and they form, as it were, a lattice work of faintly outlined 
curved bars, whose meshes are longest in the direction of the radius 
of the disc. With increased speed of revolution the design becomes 
more delicate, like that of a piece of embroidery; and in that part of the 
flickering field corresponding to the yellow spot there is a peculiar 
round or oval pattern delineated by sharper contrasts of light and 
shade, which might possibly be compared with a rose of many petals, 
that are, however, more hexagonal in form. In its centre there is a dark 
point surrounded by a bright circle. The same figures can also be 
produced by turning with closed eyelids towards a bright light and 
moving the wide-spread fingers to and fro in front of the eye, thereby 


Fig. 53. 


1 qOn this point see also Browet, Proc. Roy. Soc. London, 1896-7. LX, 368. (M.D.) 
* Beobachtungen und Versuche zur Physiologie der Sinne. Bd. I. Prag 1823. S. 10. 


217, 218.] §23. Variations of Sensitivity 257 


exposing and shading it in rapid alternation. The whole point is to 
produce in some way this rapid change of light and shadow. In these 
figures PURKINJE makes a distinction between primary and secondary 
forms. The primary forms in his right eye are larger and smaller 
squares, changing from dark to bright like a checkerboard, which 
spread over the greater part of the visual field. It is only downwards 
from the centre that he sees a row of larger hexagons. Apparently, 
he observed only isolated features of the rosettes of the yellow spot, 
which are quite regular so far as the author is concerned. On the other 
hand, in the author’s case the spots outside the centre are neither 
regular squares nor hexagons, but irregular, and increasing in size 
towards the periphery. PurxkINJE got practically the same effect in 
his other (weak, left) eye also. The secondary forms were obtained 
especially when he turned his closed eyelids towards the sun. PURKINJE 
describes them as being eight-rayed stars and peculiar sharply broken 
spiral lines, which develop out of the primary patterns by displacement 
of the bright and dark squares; being, by the way, very changeable. 
He saw these secondary forms with either eye, merely symmetrically 
transposed in one eye as compared with the other. 

On rotating discs these phenomena tend to disappear more and 
more as the speed of revolution is increased, the only traces that finally 
remain being the iridescent spots mentioned above. When the flicker 
is most vivid, sometimes the entire figure vanishes as you watch it 
steadily, and a dark red ground comes up behind it, which seems to be 
intersected by a lot of currents. This is the phenomenon in which 
VieRorDT! thought he recognized circulation. In the author’s own 
case the image of this movement corresponds more to currents where 
there are no banks, continually changing their bed and shifting back 
and forth. Of course, it might be supposed that intermittent illumina- 
tion makes the movement of the blood corpuscles visible, exactly as 
the movement and forms of drops can be exhibited in a jet of water. 
However, the author would not venture to give this explanation of the 
observations he himself has made. 

When coloured light is made to alternate with black on the flicker- 
ing discs, either by using coloured sectors or by looking at the black 
and white sectors through coloured glass, homogeneous colours show 
signs of colour fading even under these conditions. For instance, 
through a red glass that is opaque to everything but red, the advancing 
edge of the bright fields is orange, and the following edge is pink-red, 
corresponding to yellow and blue in white light. At the same time the 
black ground becomes covered with complementary green. The com- 


1 Archiv fiir physiol. Heilkunde. 1856. Heft II. 
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plementary colour! becomes even more distinct when one of the spiral 
bands on the disc is coloured and the other grey, and the top is stopped 
suddenly after it has been spinning some little time. This effect is 
obtained also under similar conditions when the disc consists of alter- 
nate white (or grey) and coloured sectors. SiNSTEDEN’ used for the 
same purpose an orange-red disc, with sectors cut out of it, which 
rotated over a white shaded one. When he stopped the upper disc, 
the lower one appeared vivid blue. 

E. Briicxe also obtained similar results by setting a small black 
disc in vibration in front of a coloured glass plate. In this case the 
appearance in front of a green disc was especially curious, because 
the places, in front of which light and dark alternated, appeared pink- 
red; whereas the parts that were completely covered or uncovered were 
green. 

The so-called fluttering heart is a characteristic phenomenon that 
probably belongs here.* On coloured sheets of stiff paper figures are 
made in some other vivid colour. Red and blue seem to work best. 
The colours must be very vivid and saturated. When one of these 
cards is moved laterally to and fro at a certain rate in front of the eye, 
the figures themselves seem to shift their positions with respect to the 
paper and dance about on it. Apparently, the explanation is that the 
luminous impression in the eye does not come and go with equal rapid- 
ity for the different colours, and so the blue apparently lags a little be- 
hind the red in the path traversed by the card. Somethin z like it occurs 
also when the eye moves instead of the object. Thus, WHEATSTONE’, 
Bricxe and E. pu Bois-Reymonp,’ looking over red and green carpet 
in gaslight, saw the pattern apparently move. Brewster states that 
the phenomenon occurs also when bright daylight enters an otherwise 
dark room through a small hole. 


In this discussion so far the view has been adopted which is 
espoused especially by FEcHNER; that is, that all phenomena of 
after-images depend partly on a persistent stimulation of the retina 
and partly on a lowered sensitivity to stimulus. As a matter of fact, 
if we adhere to our previous conception of stimulation and sensitivity, 
we must speak of stimulation as continuing to exist when we see a 
positive after-image in absolute darkness, and we must regard the 
sensitivity to stimulus as being lowered when the place in the eye 


1 Dove in PoaeEenporrrs Ann. LX XV. 526. 

2Tbid. LX XXIV. 45. 

3 See page 446. 

4 Inst. No. 582. S. 75. 

5 Die Fortschritte in der Physik im Jahre 1845, reviewed by Kansren. I. 223. 
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where the negative after-image is developed is less sensitive to external 
light than the unfatigued retina. Thus the persistence of stimulation 
and the lowering of sensitivity is not an hypothesis but a direct con- 
sequence of facts. Moreover, these two circumstances suffice to explain 
by far the greatest number of the more obvious and constant phenom- 
ena in this region, especially the phenomena of the altered intensity 
of light and of positive homochromatic and negative complementary 
after-images. To bring the very intricate phenomena of colour waning 
of intense or persistent luminous impressions entirely within a simple 
scheme, would probably be a very difficult task indeed at present and 
would involve all sorts of arbitrary assumptions. However, we can 
inquire why these phenomena must be so variable. We really know 
neither the law by which a more or less advanced fatigue of the eye for 
a single colour disappears, nor how far the after-effect of light depends 
on fatigue. In FecuneEr’s opinion negative complementary images in 
the dark field are to be regarded as new modes of response to the 
internal stimuli of the retina. On the other hand, many physicists 
have looked on these images as effects of a new antagonistic activity 
of the retina. PLaTEAu! in particular, has elaborated this view into 
a consistent theory. He demonstrated that the same complementary 
coloured images may be seen even without any external light at all; and 
as he was not then cognizant of the intrinsic light of the eye, he knew 
no other way of explaining the phenomenon except as a new antagonistic 
activity of the retina. Moreover, having noticed also subsequent 
variations of the positive and negative images, he advanced the propo- 
sition that whenever the retina was strongly stimulated by light, it 
experienced a series of oscillations, before it came to rest, which in- 
volved its passing successsively and alternately through opposite 
stages. These antagonistic conditions would correspond to the sensa- 
tion of complementary colours. He connected this with certain con- 
trast phenomena, which will be considered more directly in the next 
section; and assumed for the spatial extension of the impression a 
series of such oscillations. On the other hand, it must be remembered 
that negative complementary after-images do not consist in a lively 
activity of the retina, but, on the contrary, are rendered visible by being 
diminutions of the already existing sensation of intrinsic light; and 
that, moreover, as is almost always discovered on closer attention, those 
alternations between positive and negative images are dependent on 
external conditions, especially on slight changes in the illumination 
of the fundus of the eye. In the author’s opinion it is very hazardous 
to develop a theory on the basis of such delicate and extremely un- 
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steady phenomena as after-images are at the time of their conflict 
between positive and negative in the dark visual field, when the organ 
from which the light has long been excluded is in a state of greatly 
increased sensitivity, and when external influences that can be shown 
to be hardly perceptible are responsible for the transformation of the 
image. However, it is not surprising that under these circumstances 
we still do not know always what is the reason tor the changes that 
take place. Incidentally, FecHNER has pointed out another difficulty 
in PLaTEAU’s theory. The latter has to assume that in the after-images 
complementary colours, being antagonistic activities of the retina, 
offset each other and induce darkness. For example, when there is 
a complementary after-image, the perception of the primary colour 
is affected. If the eye has been fatigued by green and red in succession, 
the after-image will be black. But how can this assertion be reconciled 
with the fact that sensations evoked simultaneously by objective 
complementary lights fuse into that of white, which is brighter than 
either of the two colours by itself? j 

BrUckE regards positive complementary after-images as incom- 
patible with FecuNner’s theory. In this connection the author pointed 
out above that the colouration of these images is in fact very pale; and 
that it is simply by contrast with the previously seen primary colour, 
and from not having other colours for comparison, that the comple- 
mentary colour comes out so vividly. All one has to do is to look at 
two primary colours in quick succession, in order to see that in the 
last stages of the positive condition of their after-images there is 
just a faint suggestion of the complementary colours. And hence 
the author believes he may venture to consider these images as being 
a mixture of a positive pale after-image and a negative comple- 
mentary one, and thus succeed in including these phenomena also in 
FEcuNneEr’s explanation. There is yet to be mentioned a puzzling 
phenomenon described by AuBERT in the case of after-images of objects 
which were illuminated by electric sparks. In this instance he saw, with 
black and red squares on a white ground, negative images apparently 
produced at the same time with the sparks. But with white squares 
on a black ground they failed to show up. Sometimes they seemed to 
be displaced with respect to the original object. They were succeeded 
by the homochromatic positive images. The after-images of coloured 
stripes on a white or black ground were always complementary and 
always brighter than the ground. 

In this extremely perplexing region of the most manifold phenom- 
ena, the author believes it is best to be guided strictly by a theoretical 
opinion such as that of FEcHNER’s which easily explains the great mass 
of relevant phenomena, and which gives a good explanation especially 
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of all those effects that are characterized by their energy, distinctness 
and constancy; even if we also find isolated and more transitory phe- 
nomena for which at present there is no perfectly satisfactory explana- 
tion. This is the case with the colour transformations that occur at the 
moment when the image changes from positive to negative, and when 
the antagonistic influences of the persistent stimulation and fatigue 
are found in a very unstable equilibrium. At present, the author does 
not know any phenomenon that is positively irreconcilable with 
FEcCHNER’s principles of explanation. 


Positive and negative after-images of windows were described by PerrEsc! 
in 1634. Afterwards the experiment became a kind of magician’s trick. 
Bonacursius made a wager with the Jesuit, ArHan. Kircuer,? that he 
could make a person see just as well in the dark as in the light; and he won 
his bet by making Kircuer look steadily at a drawing fastened in an opening 
of the window in a dark room. Then the room was made perfectly dark, and 
KircueEr plainly saw the drawing again by looking at a piece of white paper 
held in his hand (which was not necessary). KircHER’s explanation of it was 
that the eye sent the light out again that had been absorbed, and so illumi- 
nated the paper in front of him. Mariorrn’ repeated similar experiments. 
NEWTON was acquainted with images produced by intensely brilliant light 
and is said to have regarded them as being of a psychical nature, because by 
fastening his attention on them, he could continue to elicit the after-images of 
the sun for quite a while. What led him to try these experiments was an 
inquiry from Locks, who had run across something about them in Boyn’s 
book de colortbus (published in English in 1663). A more complete theory of 
the phenomena was proposed by JurRIn® in 1738, which was based on the 
assumption that as soon as a strong sensation ceased, another one was auto- 
matically aroused, which was in some measure a continuation of the original 
sensation and also something opposite to it. _Burron*® published minute 
descriptions of the phenomena which were afterwards used by Father ScHErrF- 
FER’ as the material for the basis of his theory. As opposed to Jurin, he 
maintained that after-images (those that he had in mind were almost all 
negative) were due to lowered sensitivity of the fatigued retina. He made use 
of the same conception for explaining complementary colours, supporting his 
notion by Newron’s rule for colour mixing. Another theory, which is rather 
artificial in some ways, and which suggests at once PLaTEavu’s oscillations, was 
proposed by Gopart.® A great store of new observations especially with 
respect to coloured after-images was accumulated by different observers, 
among whom may be mentioned chiefly: Darwin,? AEPINUS,” DE LA Hire” 


1 Vita. pp. 175, 296. 

2 Ars magna. p. 162. 

3 MariotTTE, Oeuvres. p. 318. 

4D. Brewster, Newtons Leben (Gotpperc’s German edition) Leipzig 1833. S..263. 

5 Essay on distinct and ind. vis. p. 170 in Smiru’s Optics. Cambridge 1738. 

6 Mém. de Paris. 1748. p. 215. 

7 Abhandlung von den zufdlligen Farben. Vienna 1765. — Latin edition, 1761; also in 
Journal de Physique de Rozipr. XXVI. 175 and 273. (1785).* 

8 Journal de Physique. 1776. VIII. 1 and 269. 

9 Philos. Transact. 1786. LX XVI. 313. — Zoonomie translated in German by Brannis. 
Hannover 1795. II. 387. 

10 Journ. de Phys. XXVI. 291. — Novi Comment. Petrop. X. 286. 

11Jn PorTERFIELD On the eye. I. 343. 
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(on the coloured fading out of the sun’s image), GERGONNE,’ BROCKEDON? 
(who also tried to make use of them in a theory of esthetic colour harmony), 
Lrexor? (who directed special attention to the phenomena produced by 
suddenly varying the distance of the coloured field), GorTur,* Brrr’ (on the 
way colours vanish when persons who have been operated on for cataract 
look far off), Himuy and Troxupr,’ PuRKINJE,’ OSANN,® SPLITTGERBER,? 
KNOCKENHAUER,”” Dove" (on subjective colours in case of objects in motion), 
SinsTEDEN,? Scorespy,® Grove“ (on the reviving of after-images by 
alternate brightening and darkening of the field), Steurn,” Brtcxe® (who 
made numerous accurate observations on the fading of colours), and AUBERT!” 
(on after-images produced by electric sparks). 

Among the various efforts to codrdinate this mass of material and give a 
consistent theory of the phenomena may be mentioned the attempt of 
PRIEUR DE LA COTE D’OrR® to interpret. them on the principle of contrast; 
and likewise BrewsTer’s theory? that the complementary colour develops 
at the same time with the colour that the eye actually sees and tends to dim 
it. All these conflicting views were at last clearly brought out in the two 
comprehensive works published by PLaTEau”® and FEcHNER.”! The argu- 
ments in favour of opponent activities of the retina were presented by 
PLATEAU in logical form. With extraordinary self-sacrifice FECHNER carried 
out an immense series of experiments in this field involving subjective mea- 
surements on himself. He gave the first satisfactory explanation of negative 
images on the principle of fatigue. The present state of the science is still 
essentially as indicated by these two works. Possibly, the conception of 
fatigue of the eye for a single colour would require to be more carefully 
defined. And this is done in Youna’s colour theory. The author has tested 
it by experiments on the after-images of spectral colours,” the result being that 
he was particularly impressed by the great distinctness of positive after- 
images due to instantaneous action of light. 


1 Journ. de Mathemat. XXI. 291. 

2 Quart. Journal of Sc. No. XIV. 399; Wiener Zeitschr. VIII. 471. 

3 FEcHNER, Repertorium. 1832. p. 229. 

4 Farbenlehre. I. 13, 20. 

5 Das Auge oder Versuch das edelste Geschenk des Schépfers zu erhalten. S. 1-8. 

6 Himuy, Ophthalm. Bibl. Bd. I. Stiick 2. S. 1-20. Bd. II. St. 2. S. 40. 

7 Beitrdge. 1. 72, 96. 
8 Poa. Ann. XXXVII. 288. 
9Tbid. LI. 587. 

10 Tbid. LIII. 346. 

1 Tbid. LXXI. 112. LXXV. 524, 526. 

12 Thid. LXXXIV. 45. 

13 Phil. Mag. (4) VIII. 544. (1854.) 

4 Phil. Mag. (4) III. 435-436. 

6 Ann. de Chimie et de Phys. Ser. 3. XLI. 413-431.—C. R. X XXIII. 642. XXXIV. 
767. XXXV. 476. 

16 Denkschr. der k. k. Akad. zu Wien I11.—Poae. Ann. LX XXIV. 418. 

 Mouescuorr, Untersuchungen zur Naturl. Bd. V. 279. 

18 Ann. de Chimie. LIV. p. 1. 

19 Phil. Mag. II. 89. IV. 354. — Poae. Ann. XXIX. LXI. 138. 

20 Ann. de Chimie et de Phys. 1833. LILI. 386; 1835. LVIII. 337.—Poac. Ann. XXXII. 
543. Most complete in Essai d’une Théorie génér. comprenant l Ensemble des apparences 
visuelles, qui succédent d la contemplation des objets colorés. Bruxelles 1834. 

» Poac. Ann. XLIV. 221, 513; XLV. 227; L. 193, 427. 

* Presented before the Niederrheinischen Gesellschaft fur Natur und Heilkunde, in Bonn, 
July 3, 1858, and in the Naturforscherversammlung zu Karlsruhe. Sep. 1858. 
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§24. Contrast! 


In the previous chapter the question was, What effect is produced 
by seeing colours one after the other? But what we have to do now is 
to investigate the mutual influence of different luminosities and colours 
appearing together in the visual field side by side with each other. 

The result of such a juxtaposition usually is that each portion of 
the visual field next a brighter one looks darker, and vice versa; and a 


1 Concerning the special relations of colour contrast in case of the so-called anomalous 


trichromats and certain dichromats, see v. Krims’s Appendix I. — N. 
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colour alongside another colour resembles more or less the complemen- 
tary colour of the latter. The opposition thus manifested is implied 
in the term contrast. CHEVREUL draws a distinction between simul- 
taneous contrast, as applied to the phenomena belonging here, and 
successive contrast, where two colours appear in succession upon the 
same retinal area. 

However, cases also occur in which the colour of a part of the visual 
field is so altered by being adjacent to another colour that it becomes 
similar to the latter itself, and not to its complementary colour; and 
in these instances the term “contrast” might not seem to apply so 
directly, although, perhaps, as a matter of fact the alteration of one 
colour here is by a contrast with the complementary to another colour. 
So as to include these cases also, BricKe calls the colour that is evoked 
by the action of one existing adjacent to it in the visual field, the 
induced colour; and the one that is responsible for the appearance of 
the other, the inducing colour. And so when the field, whose colour is 
altered, is itself coloured, we shall speak of this colour as the reacting 
colour, as formerly. The alteration of the reacting colour by the 
induced one leads to what may be called the resulting colour. In 
general, therefore, the idea of contrast is not directly appropriate 
except in the ordinary cases where the induced and inducing colours 
are complementary. But there are instances where the induced colour 
is identical with the inducing one. 


The phenomena of successive contrast, which will be considered first, 
are easily comprehended from what has been stated in the previous 
chapter. After looking at a field of colour A and medium brightness, 
suppose the eye turns to look at another field of colour B. Then as a 
rule, the residual stimulation of the impression A will not be strong 
enough for a positive after-image to be projected on a second field of 
medium brightness; and so there will be a negative after-image of A 
upon the field B. Thus those parts of the colour B that are like A will 
be diluted. If B is of the same hue as A, it becomes whiter by contrast; 
if it is complementary, it becomes more saturated. If it lies on one side 
or the other of the colour circle between A and its complementary 
colour, it changes into an adjacent hue farther from A and nearer the 
complementary colour. Incidentally, the brighter A was, the darker B 
looks. Accordingly, this would be the general law of successive con- 
trast, on the supposition that the luminosities of the two fields were 
such that only negative after-images could occur. 

Even in comparing coloured areas with each other that lie side by 
side in the visual field, successive contrast, that is, contrast caused by 
after-images, is a very important factor, as any one can easily verify. 
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It has generally been supposed that in these cases it was simply a 
matter of simultaneous contrast, because hitherto in the theory of 
contrast little account has been taken of a certain characteristic of 
human vision. Under ordinary circumstances, we are accustomed to 
let our eyes roam slowly about over the visual field continuously, so 
that the point of fixation glides from one part of the observed object 
to another. This wandering of the eye occurs involuntarily, and we 
are so used to it that it requires extraordinary effort and attention to 
focus the gaze perfectly sharply on a definite point of the visual field 
even for 10 or 20 seconds. The moment we do it, unusual phenomena 
immediately take place. Sharply defined negative after-images of the 
objects develop, which coincide with the objects as long as the gaze is 
held steady, and hence cause the objects soon to get indistinct. The 
result is a feeling of not seeing and of having to strain the eyes, if we 
persist in trying to look at the fixed place; and the impulse to move the 
eye becomes more and more irresistible. The little deviations of its 
position are scarcely noticeable in the strain, but they are revealed by 
parts of the negative after-images flashing up on the edges of the ob- 
jects, first on one side and then on the other. This wandering of the 
gaze serves to keep up on all parts of the retina a continual alternation 
between stronger and weaker stimulation, and between different colours, 
and is evidently of great significance for the normality and efficiency 
of the visual mechanism. For nothing affects the eye so much as fre- 
quent development of negative after-images caused by staring a long 
time at surfaces even only moderately illuminated. Strong negative 
after-images are, indeed, always an indication of a high degree of 
retinal fatigue. 

Now let us consider what happens when the eye wanders in this 
way over a field where there are different colours or areas of different 
luminosity. If we observe a limited coloured field with the eye accu- 
rately focused on some point of it, a sharply defined after-image will 
be developed, which is therefore easily recognized. If two different 
points of the object in the same line of sight have been observed for 
a long time, two well defined after-images will be formed partly over- 
lapping each other; but without special attention they are not now 
easily recognized as being copies of the object. But if the gaze has 
moved slowly over the object, without being held on any point, natural- 
ly the after-image will be simply a faded spot, and it is no longer so 
easy to recognize, although it is actually there for the attentive ob- 
server. Now if the look is transferred to an adjacent field of another 
colour, this colour of course will be altered by the influence of the after- 
image, exactly as if we had had these different colours one after the 
other in the field of vision. Accordingly, in a case like this, we do not 
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have simultaneous contrast, at least not by itself; but we have here 
also successive contrast, and the phenomena are entirely, or in large 
part, identical with those described in the preceding chapter. In order 
to have simultaneous contrast alone, special pains must be taken to 
keep the fixation of the eye absolutely steady during the experiment. 

Later we shall examine more carefully the phenomena of pure 
simultaneous contrast which continue during steady fixation of the 
eye. Now the phenomena will be described that belong partly to 
simultaneous, but mainly to successive contrast, as they are mani- 
fested under ordinary natural conditions of vision. The colour changes 
that occur in these circumstances are exactly the same as those already 
described for pure successive contrast. In general they are much more 
distinct and striking than those of pure simultaneous contrast; and 
when the two might cause different results, those of successive contrast 
invariably predominate in the natural use of the eye; and when both 
evoke the same effects, the alterations of colour always become much 
more considerable when the gaze ceases to be steady and begins to 
wander. 

In general, contrast effects are promoted when the inducing 
colour is more intense than the reacting one, because then the after- 
images of the former are more vivid and more lasting. For example, 
if a small wafer of white paper is laid on a coloured sheet, this white 
will have the complementary colour. The colouring is more impressive, 
however, when grey is used instead of white; or even black, since in 
these subjective experiments all black is to be considered as a dark 
grey. However, as a rule, a medium grey is more satisfactory for the 
experiment than black. In such cases the contrast action may go so far 
that a tolerably vivid colour is reversed into the complementary. For 
example, if a small piece of orange-red paper (coloured with red lead) 
is laid on a red glass disc and held up against the bright sky, the reddish 
paper looks a vivid green-blue, that is, complementary to the colour 
of the red glass, being almost its own complementary colour too. 

Moreover, it is conducive to have the inducing colour occupy a 
large part of the visual field, because then the various regions of the 
retina will be frequently and continuously stimulated by this colour 
and fatigued by it. The result is that the contrast colours are particu- 
larly vivid when the reacting colour occupies a small field surrounded 
by an extensive ground filled with the inducing colour. In this case, 
it is chiefly simply the colour of the small field that is altered, not that 
of the large field. But the contrast effects are not absent even when 
the two fields are of the same size; the influence then being a mutual 
one, and the colour of each being changed by that of the other. 
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Finally, the nearer together the inducing and reacting areas are 
in the visual field, the greater will be the contrast effect; because 
when the eye glides from one space over to the other, the after- 
image will be more strongly developed the sooner the gaze en- 
counters the other field. This is shown very strikingly in the arrange- 
ment which CHEVREUL has selected for his experiments. From each 
of two colours, say, yellow and red, he cuts out two similar bands and 
places them side by side close to each other. Let us call them Y; and 
R;. Then next the yellow band Y; he lays a second yellow band Y, at a 
little interval, and in the same way next the red band AR, another one 
R,. In this case the contrast action is not manifested anywhere except 
at the two middle bands Y, and R;. The yellow of Y: becomes greenish 
by approaching blue-green that is complementary to Ri, and RF, looks 
purple by being admixed with some indigo-blue that is complementary 
to Y,. On the other hand, the two outside bands Y2 and R, are not 
altered in appearance, so that there is a good opportunity of recognizing 
the contrast action. When the fields in contact are somewhat.wider, 
this is also precisely why the contrast colouring is manifested particu- 
larly at the margins. Every time the eye sweeps from one field over A 
into the other field B, those parts of the retina that have just left the 
field A will be most fatigued by the colour A; and these are the places 
where the image of the edge of B falls now. Those parts of the retina 
which left A a little sooner and have already moved farther into the 
field B will be less fatigued; and hence for them the induced colour is 
not so strong. Consequently, every time the eye passes over to the 
field B, the marginal parts of B are most altered by contrast, and the 
parts farther from the edge less and less in proportion to their distance 
away. Thus, for instance, when a green and a blue field are in contact, 
the edge of the green looks a little more yellowish than the middle, and 
the edge of the blue a little more violet than its middle; because in the 
first case there is an admixture of yellow that is complementary to blue, 
and in the latter case an admixture of purple-red that is complementary 
to green. The play of after-images at the border of such surfaces can 
be watched very nicely by marking several points of fixation, and 
jerking the eye from one to the next, after holding it at each place for 
a brief time. It is easy to see then the well-defined after-images moving 
over on the other field. The earlier images, being shifted on ahead, will 
be paler, while the latest, lingering next the border, will be more intense. 

If the question involves not difference of colour, but difference of 
luminosity, the reacting field will appear to be less bright when it is 
adjacent to an inducing field that is brighter than it; whereas next to 
a darker field, the luminosity of the reacting field will seem to be 
increased. 


228, 229.] §24. Contrast 269 


Incidentally, as compared with the methods of seeing negative 
images which were described in the preceding chapter, there are also 
other factors in these experiments that are conducive to eliciting the 
complementary colour. In general, a coloured object has to be deliber- 
ately focused for several seconds in order to obtain afterwards a dis- 
tinct after-image that will persist for some time on a uniformly coloured 
ground. But in the experiments on contrast it appears that a tolerably 
cursory observation of one colour is sufficient to induce the complemen- 
tary colour on the other field, and that this complementary colour is 
afterwards much more lasting than an after-image would be which was 
obtained under the same circumstances. In order to recognize an 
after-image on a uniformly coloured ground, it must be well developed 
and clearly outlined. It moves about as the eye moves, and so has to 
be perceived as any other subjective phenomenon. Ordinarily, we pay 
attention only to objective visual phenomena. But if a faded after- 
image covers a smaller coloured field, which has its own objective limi- 
tation and always appears under the influence of the after-image, this 
influence cannot be immediately separated in the perception from the 
other objective phenomena of the visual field, and hence it becomes 
much more easily an object of our attention. In Part III (Volume III) 
we shall have to study more closely this peculiarity of the way the 
attention is attracted. 

In addition, the fatigue of the retina in these contrast phenomena is 
being always renewed, and so the effect is persistent; whereas in most 
methods of producing after-images it dies out pretty rapidly. 


Let us turn now to the phenomena of pure simultaneous contrast. In 
order to recognize them positively as such, care must be taken in the 
arrangement of the experiments that no after-images can arise, and 
that the portion of the retina which is to perceive the induced colour 
has not been previously affected en passant by the image of the inducing 
field. As a rule, this can only be perfectly achieved by not letting the 
inducing colour be visible until after the eye has been focused on a 
definite point of the induced field. During the whole time of the ex- 
periment this point must be fixed steadily. If the inducing colour is 
not too intense or too saturated, all that is necessary then is for the 
eyes, which have been wandering about over dark, slightly coloured 
objects, or else have been closed, to be turned quickly towards the 
induced field and focused on a point there, without letting them 
previously linger in the inducing field. In most cases this last method 
is sufficient, especially because the contrast phenomena of this group 
are most clearly exhibited precisely when the differences of colour 
between the inducing and induced fields are slight ; whereas, conversely, 
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the phenomena of successive contrast are promoted by strong antag- 
onisms of colours and illumination. 

In the author’s opinion the phenomena belonging here are of an 
entirely different kind from those heretofore considered. In general, 
they may be characterized as cases in which it is not possible to make 
an exact estimate of the reacting colour by comparing it with other or 
inducing colours. Under such circumstances we are disposed to regard 
those differences which are distinctly and positively perceived in the 
observation as being greater than those which either stand out indis- 
tinctly or must be estimated by the aid of the memory. Doubtless, 
this is a general law in all our perceptions. By the side of a big fellow 
a man of medium size looks small, because at the moment we see clearly 
that there are larger men, but not that there are also smaller ones. The 
same man of medium size placed by the side of a small one will look 
large. 

Now two colours or two luminosities can be compared most accu- 
rately when they are side by side in the visual field, with nothing but 
the difference between them to indicate their boundary. The farther 
they are apart, the harder it is to compare them. It is harder still 
when one of the colours has to be supplied by memory. Consequently, 
when a coloured field (the reacting field) is surrounded by another 
(the inducing field), the difference between the colour of the re- 
acting field and that of the inducing field will be more distinctly per- 
ceived than the difference between that of the reacting field and other 
colours that are far away. The latter comparison becomes most difficult 
when the inducing field takes in the entire field of vision or at least 
most of it; and hence other colours will be perceived only by the 
peripheral parts of the retina, where colour discrimination is imperfect, 
or simply by the memory. In general, therefore, in accordance with 
the rule given above, the difference between the reacting field and the 
inducing field will appear to be too large as compared with the differ- 
ence between the reacting field and other colours; and, in fact, the 
effect will be more decided in proportion as the inducing colour ex- 
cludes all others from the visual field. 

Moreover, we are more liable to err in estimating small differences 
than big ones; and, consequently, contrast phenomena are also rela- 
tively more distinct when the differences of illumination are slight 
than when they are considerable. 

Finally, a difference appears bigger when it is the only thing that 
differentiates two adjacent surfaces than when it is merely one among 
several differences; and hence in general simultaneous contrast is more 
vivid when there is nothing between the induced field and the inducing 
field except the difference of colour. 
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Incidentally, there is one other point: the object must not continue 
to be focused too long. When fixation is long maintained, a series of 
phenomena occur resulting from fatigue of the eye that partly entail 
the opposite result from that of the original contrast. 


Let us proceed now to the description of individual cases. The so- 
called coloured shadows are most conducive of all to vividness of con- 
trast, because here the three mentioned conditions are generally ful- 
filled simultaneously. Among all contrast phenomena, therefore, 
coloured shadows have attracted most attention. 

The easiest way to observe them is to illuminate a sheet of paper 
by weak daylight on one surface and by candle light on the other. 
Daylight or white light (reflected from a clouded sky or from any white 
surface lighted by the sun) or even moonlight is admitted through an 
aperture sufficiently small for the shadows cast by it to be distinct. 
Then an opaque object of any sort (a finger or a lead pencil) is placed 
on the paper. Two shadows will be perceived. The one that would be 
there if the candle were absent may be called the daylight shadow; and 
the one which depends on the presence of the candle, the candle 
shadow. The daylight shadow is illuminated by red-yellow candle light, 
but not by daylight. It appears in its objective colouration, namely, 
red-yellow. The candle shadow is illuminated by white daylight, 
but not by the red-yellow candle light. And thus while it is objectively 
white, it appears blue or complementary to the colour of the ground, 
which is a pale red-yellow, since the unshaded portions of the paper 
are simultaneously lighted by the white daylight and the red-yellow 
candle light. The colourations are most distinct when the intensities 
of the two sources are so equalized that both shadows are equally dark. 

The blue in the candle shadow becomes more vivid when the eye 
is allowed to wander frequently over the red-yellow ground, but it 
also arises wholly without the assistance of after-images. ‘Suppose a 
point a lying in the blue shadow is noted and marked; and an opaque 
sereen is placed in front of the candle, so that for a while nothing but 
daylight falls on the paper, until the after-effect of the red-yellow light 
is completely gone, and the daylight again appears quite white. Now 
look at the point a, and take the screen from in front of the candle. 
Immediately the candle shadow becomes blue and stays blue, pro- 
vided there has not been the slightest deviation in the gaze of the eye. 
Moreover, the contrast colour immediately appears in the shadow 
when the eyes are closed and covered for a while and then suddenly 
opened and turned towards the shadow. 

Take a tube painted black inside, and adjust it so that on looking 
through it the eye sees only places on the paper that lie in the shadow 
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of the candle light. If at first nothing but daylight falls on it, and then 
while the eye is looking through the tube the candle light is allowed to 
fall on it too, the observer will see nothing of the places illuminated by 
the candle light; he does not notice their presence at all, and the appear- 
ance of the regions of the paper which he sees through the tube remains 
unaltered. Incidentally, the objective colour of the paper in the shadow 
of the candle light is not changed. The reason for noting this fact here 
is because it was doubted by Osann. 

On the other hand, if the tube is held to the eye and directed so that 
a part of the field surveyed is illuminated by the red-yellow light of the 
candle, the shadow from the candle light becomes blue. When the blue 
has become real intense, let the tube again be pointed so that nothing 
but this subjective blue is in the visual field. The blue now persists, no 
matter whether the candle light is allowed to shine on the rest of the 
paper, or whether the candle is screened, which, of course, so far as 
the observer is concerned, amounts to the same thing; because under 
these conditions he is not aware of it at all. The blue colour in such 
case is so constant that OsANN has concluded from similar experiments 
that it is objective. This opinion is easily refuted at once by the fact 
that the blue colour persists even when the candle is extinguished. But 
at the moment when the black tube is removed from the eye, the sub- 
jective blue disappears also, because it is then recognized to be identical 
with the white that oceupies the rest of the visual field. No experiment 
shows more impressively or more clearly the influence of judgment on 
our determination of colour. As the result of contrast, whether it be 
successive or simultaneous, once the judgment has been formed that 
the colour in the shadow of the candle light is blue, the colour continues 
to appear blue, although the circumstances that led to the decision 
may have ceased to exist; until the black tube is removed so as to 
enable us to make a new comparison with other colours and to form a 
different judgment in the light of new facts. 

Instead of the red-yellow colour natural to candle light, other 
colours may be used too. The candle light may be coloured by inter- 
posing a piece of coloured glass in front of the candle, thus combining 
coloured candle light either with daylight or with uncoloured candle 
light. However, the phenomena are most brilliant when the experiment 
is conducted in a dark room, where coloured sunlight is admitted 
through an opening in the shutter covered with coloured glass, and 
white daylight through another small opening. In all these cases, 
whether the eye is held steady or not, the white light shows up in the 
colour complementary to the coloured light. 

When the eye wanders, the complementary colour appears indeed 
even on absolutely black surfaces and on surfaces that are dimly 
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illuminated by the prevalent colour. When the eye is kept steady, a 
dark area sometimes appears in the complementary colour and some- 
times in the same colour. It is generally the first way by dim light, 
and the latter way by bright light. However, after somewhat pro- 
longed fixation, it is always the same colour as that of the prevalent 
light, the complementary colour flashing up simply at the edges, 
owing to the unavoidable tiny fluctuations of the visual axis to and fro. 
As soon as the eye is allowed to wander, the complementary colour 
invariably comes out, or gets more brilliant in case it were dimly there 
before. 

In fact, the complementary colour comes out when the light is made 
to go through two pieces of glass of the same colour, one of which, 
however, is not so highly coloured as the other; or when two pieces of 
the same kind of glass are used, provided some white light also is 
incident on one of them. In such cases, therefore, the hue of the paler 
shadow is thus converted into the opposite hue exactly. 

The same contrast phenomena obtained with the coloured shadows 
invariably occur whenever most of the visual field is occupied by a 
predominating colour, or when a great part of the field is unilluminated, 
and there is in the illuminated portion a colour which is predominant 
in its extent and intensity. 

Hold a little piece of white or grey paper in a short pair of nippers, 
or attach it to a wire and hold it directly in front of one eye; and close 
the other eye and look at it. Then insert behind it a large sheet of 
coloured paper or a large plate of coloured glass, so that most of the 
visual field is occupied by this coloured surface. As soon as this happens, 
the complementary colour appears on the little piece of paper. As a 
rule, the reacting white must not be too bright. If the experiment is 
performed in a room where the light comes from a lamp or from not too 
large an aperture in a window, the brightness of the white paper may 
easily be altered by letting the light fall on it more or less perpendicu- 
larly until the proper brightness is found. It is best to get a medium 
brightness of the white, which is about like that of the coloured ground. 
If the white is too bright or, on the other hand, too darkly shaded so 
that it begins to look black, the contrast colours will be less distinct or 
will not appear at all. The more of the visual field that is occupied by 
the coloured surface, the brighter the white can be made. By increas- 
ing the distance between the eye and the objects and thereby dimin- 
ishing their apparent sizes, the induced colour will be found to get 
fainter or to disappear entirely. It likewise disappears with sustained 
fixation and becomes just like the inducing colour; all the more readily, 
the smaller the apparent size of the inducing field is, the more intensely 
it is illuminated, and the darker the induced field is. If the latter 


274 The Sensations of Vision (232, 233. 


consists of a small black disc which is placed in front of a plate of 
coloured glass fastened in an opening of the shutter where the sky can 
be seen through it, the colour of the glass from the very start will 
frequently spread over the black disc, provided after-images are 
avoided. In this case the author’s experience is that there is no differ- 
ence in the various colours except that usually the commercial red 
glasses are darker than the yellow, green and blue glasses; and therefore 
more intensity of light, for instance, the light from sunlit clouds, is 
required for red glass to elicit the same colour at the start. In the case 
of the blue glasses, which also exhibit the phenomenon with tolerably 
dark colouring, it might be that the fluorescence of the crystalline 
lens and cornea also had something to do with the distribution of blue 
light over the dark disc. After brief fixation, the colour is always the 
same as that of the glass, and it is only at the edge of the black field 
that the complementary border appears, being due to the wavering of 
the visual axis of the eye. 


Leaving out at first cases where the induced colour and the inducing 
colour are the same, we may express the main result of the preceding 
experiments thus. When a particular colour is made dominant in the 
visual field, a paler shade of the same hue will look white to us, and real 
white will seem to be the complementary colour. Thus the idea of what 
we mean by white is altered in this case. Now the sensation of white 
is not a simple sensation, but consists of the sensations of three funda- 
mental colours compounded in a definite proportion. In a particular 
case, in order to recognize a given colour as being white, when it is 
impossible to compare it with something that is known to be white, we 
must again be able to recognize whether the relative intensities of the 
three fundamental colours of which it is composed have been altered 
or not. But, as we saw in §21, the comparison of the intensity of 
different sensations of colour is extremely uncertain and inaccurate. 
And, therefore, any determination of white based on such a comparison 
must be inaccurate too; and pretty considerable variations will be 
possible in our estimates of white on different occasions, as is actually 
found to be the case. 

At the same time this explanation shows also why these caprices 
as to what is white do not ever go to the extent of making us take for 
white a colour that is saturated like the red in glasses that are stained 
with copper oxide, which transmit only light from the red end of the 
spectrum; even when we happen to be a long time in a place that gets 
all its light through a glass of this sort. As a matter of fact, in compar- 
ing a very bright red with a faint blue, there is no doubt about which 
is brighter. We decide positively about big differences, but not about 
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little ones. If, therefore, homogeneous light is presented to the eye, 
and in it the sensation of the red fundamental colour is very intense 
as compared with the sensation of the other two fundamental consti- 
tuents, the colour is pronounced to be red without deliberation. We 
do this even when the sensation of red has already been very much 
enfeebled by fatigue of the eye. It is true that a somewhat pale but 
still tolerably saturated red may be taken for white under such cir- 
cumstances, as in the experiment described above, where a piece of 
paper coloured with red lead looked green in front of a highly illu- 
minated red glass. 

There is one other circumstance that keeps us from making too big 
an error in a case like this. This is the intrinsic light of the retina, 
which, when the eye has wandered about for some time, appears 
complementary to the prevailing colour and becomes noticeable in all 
perfectly dark places in the visual field. When we look steadily through 
a red glass, soon all perfectly dark objects appear to be a vivid green. 
Thus, alongside the red its complementary colour becomes visible, and 
we are thereby compelled to recognize red as red; we cannot confuse it 
with white. With dominant white illumination the mist looks white 
in the dark places, and for just this reason it requires careful attention 
to see it. Even in dim coloured light, for instance, the light of a lamp 
or candle, the intrinsic light of the retina becomes noticeable in this 
manner. All that is necessary is to hold a small black object, entirely 
unilluminated, in front of a white paper surface lighted by the candle, 
and let the eye wander over it and the paper surface; the indigo-blue 
sheen on the black, which is complementary to the red-yellow of the 
candle light, will then soon be perceived. White paper appears white 
just as well by candle light as by daylight. But if the paper is viewed 
through a tube blackened on the inside, which has only a small opening, 
and the appearance of the small part of the paper surface that is still 
seen is compared with the dark field, it is soon perceived that the former 
is red-yellow and the latter looks bluish; whereas by daylight there is 
no such difference. This is a means of recognizing the colour of the 
prevailing illumination even when there is no daylight for comparison. 
Consequently, too, the colour of the intrinsic light of the eye matches 
the white of daylight, and hence this white is of special significance for 
the eye still and is entitled to the name of white before all other 
whitish colours. 

Of course, the intrinsic light of the eye is too feeble to be used in 
diffused coloured illumination for making comparisons in order to 
determine white exactly. 

Hence, if there are a limited number of coloured objects in the 
field of vision, we are in a much better position for determining the 
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relative differences between the various colours present and be- 
tween each colour and their mean colour than the difference between 
this mean colour and white. Now, by the normal illumination of day- 
light, when a large variety of objects can be freely compared, the white 
of sunlight is the mean colour, from which the deviations of the other 
colours in the various directions of the colour chart are estimated. But 
if another colour A is predominant, so that the average of all colours 
seen at the same time resembles the colour A, we are inclined to use 
this average as the starting point of our temporary colour discrimina- 
tions and to identify it with white. 

In the author’s opinion the characteristic thing about this interpre- 
tation of the phenomena is that, when after-images are avoided, a very 
weak colouration of the dominant light elicits quite as distinct contrast 
colourations as the most saturated. The weak red-yellow of candle 
light gives the coloured shadows a very intense blue. The author’s 
experience is that there is no tendency for this blue to become more 
vivid and more distinct when the eye looks at it steadily, supposing an 
exceedingly red-yellow paper or red glass is used as background. But 
as soon as the eye is allowed to wander, the latter saturated colours 
certainly do give also much more saturated after-images than candle 
light. 

The effect of slight differences is manifested in exceedingly striking 
fashion in a.method devised by H. Mrysmr.! A sheet of nice white 
letter paper and one of coloured paper, green, say, are cut exactly the 
same size, and superposed so that one covers the other perfectly. A 
little piece of grey paper, just as dark as, or darker than, the green is 
inserted between them. Black or white paper is not so good. The green 
and grey underneath just manage to show through the outside white 
paper, and where the grey is now appears a very distinct and decided 
pink-red. With a different colour of the background the little piece of 
grey invariably shows through the white in the complementary colour. 
Frequently conditions are obtained that succeed in bringing out the 
complementary contrast colour more distinctly than the weak colour 
of the ground. The author’s experience 1s not simply that in these 
cases the contrast colour is just as easily seen as if the background were 
a saturated colour; but that it seems to be easier to see it; for it took 
much practice and perseverance to succeed with the experiments on 
contrast colours in which the eye has to stare at a little piece of paper 
while a coloured sheet is shoved under it. 

The two phenomena may be directly compared in the following 
manner. The sheet of red paper is covered with the translucent white 
paper, and a little piece of opaque white paper held by a forceps is laid 
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on the latter. The observer then looks steadily at the little piece of 
paper until it distinctly takes on the complementary colour; but not 
too long, otherwise the difference of colour is quickly obliterated by the 
after-images. Then he suddenly pulls the white letter paper away, and 
now he sees the little piece on the uncovered red paper. The comple- 
mentary colouring is scarcely stronger than before, unless there was 
too much delay. 

As a matter of fact, according to the above explanation of the 
vacillations as to what is meant by white, there is a certain limit always 
to the change which this conception can undergo. This limit has 
already been reached when the coloured ground is not very much 
saturated, and then, unless after-images are involved, it does not seem 
able to extend much farther. On the other hand, the nature of a colour 
can be determined much more positively by comparing it with a colour 
that is very much like it than by comparing it with a much more 
saturated colour. Moreover, two colours are easier to compare when 
they have the same luminosity than when their luminosities are very 
different. In the author’s opinion this is the reason why contrast 
colouring is most positive where inducing and reacting colours are 
equally bright, and their difference is not one of luminosity but simply 
of colour. 

This seems also to be the explanation of the following phenomenon. 
Holding a little piece of white paper with a forceps over an equally 
bright white ground, insert a coloured paper in between the two. If 
the new coloured ground is large enough, the little piece of paper shows 
up now on it in the complementary colour. Leave the coloured paper 
where it is for from two to four seconds, and then pull it away again, 
always taking care to look steadily at a point of the little piece of 
white paper. At this instant the latter will take on the same colour as 
that of the first inducing field just as distinctly and definitely as 
when it assumed the complementary colour before. Indeed, in all 
such cases, where the coloured ground was not very extensive, the way 
the same colour as that of the ground comes out will be even more 
distinct than the way the complementary colour came out before. In 
fact, when the coloured paper is removed, the white ground has a faint 
tinge of the complementary colour, and is nearly as bright as the little 
piece of white paper; and the effect of this is to promote the develop- 
ment of the contrast colour more than it was promoted by the more 
intense colouring of the coloured paper that was inserted under it at 
first. It is the same way when the ground and the little piece of paper 
are both black. In this case also the similar colouration that occurs’ 
when the coloured ground is removed is plainer than when it was 
inserted. 
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Of course, it is exactly the same way when the little piece of paper 
is removed along with the coloured ground, and then the after-images 
of both are projected on a white or black field. In the previous chapter 
the colour of the after-image of white in this case was explained as 
being a contrast colour; and now we see the justification for it. 


Before leaving the cases of contrast where the induced colour 
constitutes the greatest part of the visual field, we must still 
consider the reason why the reacting field occasionally has the 
same colour as that of the inducing field. There are two conditions 
when this occurs: first, when the inducing field has a very great 
luminosity, and second, when the same point is fixated a long time. 

When the inducing field has a very great luminosity, the author 
does not consider the appearance of the homonymous colouration in 
the reacting field as being a subjective phenomenon but as being 
caused by a scattering of objective light. Every transparent solid or 
liquid diffuses everywhere small quantities of light passing through it, 
and hence when much light traverses it, it appears to be dimly illumi- 
nated itself. The fact that this is also the case with the cornea and 
crystalline lens of the eye has already been stated (Vol. I, p. 198). 
Moreover, the entoptical objects in the vitreous humor will be recalled 
in this connection, because undoubtedly they must partially deflect 
the Jight in its passage through this medium. Light is reflected from 
the illuminated places of the retina to the other parts of the fundus. 
The effect of all this is that when a large amount of light penetrates 
the eye, invariably considerable quantities of it will be diffused over 
more or less of the fundus of the eye. This illumination by diffused 
light is manifested most distinctly in the second method of showing 
the vessels of the retina, by moving a candle flame to and fro below 
the eye, as described in §15, Vol. I. The shadows of the retinal vessels 
appear in the light mist, which in this case completely fills the fundus 
of the eye. Certainly, therefore, the illumination is an objective one 
and not simply a distribution of the sensitivity for light in the retina. 
It is easy to show by objective experiments with ordinary glass lenses 
that diffusely scattered light is always most in evidence in the vicinity 
of the regularly refracted beam of light, and that it gets less and less 
farther away from this beam. If sunlight passes through an opening 
in a black screen and falls on a distant lens, so that the image of the 
bright aperture is projected on a white screen, the little bright image 
will be surrounded by a white cloudy effect; which can also be seen 
when the image of the bright opening itself is allowed to pass close by 
the edge of the screen. That white cloudy effect, therefore, is no 
irradiation originating in the eye, but an objective phenomenon. It 
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can be seen still better by making a small opening in the screen near 
the image of the bright aperture, but without letting it coincide with 
it. On looking at the lens through the opening in the screen, it will 
appear to be more brightly iluminated, the nearer the eye comes to 
the optical image of the source of light. A perfectly analogous phenom- 
enon occurs in the eye. Look at a flame in front of a very dark field, for 
instance, in front of the open door of an absolutely dark room; it seems 
to be surrounded by a whitish cloud which is brightest in its immediate 
vicinity. This lustre can be noticed best by interposing a small opaque 
object between the eye and the flame, so that the latter is no longer 
visible. Instantly, the cloud of light in front of the background van- 
ishes also, and the latter is seen in its characteristic black. If the light 
is coloured, then, of course, the diffused cloud of light is also of the 
same colour. In this case too the author believes that undoubtedly 
this light cloud comes from the diffusion of objective light, because 
the distribution of light is exactly the same as would be produced by a 
system of glass lenses under the same circumstances. But here, it is 
true, there is no proof by means of the shadows of the retinal vessels, 
like that which could be given in the case first mentioned. In the case 
of blue light we have to take into account also the white-bluish light 
diffused by the fluorescence of the lens, which likewise is scattered 
over the whole fundus of the eye. And so when a large amount of 
coloured light penetrates the eye, those parts of the retina where images 
of dark objects fall will invariably be feebly illuminated also by the 
dominant light, and this illumination will be greater in proportion as 
those places are nearer the images of bright surfaces. Besides, in the 
region of the dark image there is the internal stimulation of the nervous 
substance, which is responsible for the whitish intrinsic light of the 
retina. By itself this latter would appear by contrast complementary 
to the prevailing colour. But if much of the inducing light of the same 
colour is mixed with it, this colour will predominate from the start in 
the impression that is produced. And hence, as was noted above, a 
small black disc in front of coloured glass will show the complementary 
colour when the luminosity is low, and the same colour when the 
luminosity is high. 


The second case, where the induced colour is the same as that of 
the inducing light, as is the case with long fixation, is explained by the 
gradual fading out of the images when the eye is held steady for a long 
time, as was described in the previous chapter. It was noticed there 
that if a place on the retina has been receiving the same impression of 
light continuously, the luminosity sensation gets weaker and weaker, 
and the colour becomes less and less saturated. However, this change 
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of the impression is only noticed when comparisons are made with the 
impression produced by the same light on unfatigued areas of the 
retina. In this case, therefore, we cling to the judgment of the colour 
and luminosity that we formed at first glance. 

If the surface on which the eye is focused contains portions of 
different relative luminosities, these differences gradually disappear 
as the impression gets weaker. Select some point on the surface for the 
point of fixation; but when the borders between bright and dark parts 
are faded, be careful about not obtaining too distinct after-images in 
consequence of slight movements of the eye. When the fixation is 
sharp and steady, differences of light that are often quite marked will 
fade out in from 10 to 20 seconds. The way this happens is at first by 
the brighter parts getting darker, and at the same time the darker 
parts getting brighter. It is striking too to watch here how sometimes 
a large mass changes into a faded dark spot, or a bright mass into a 
pale bright spot, as if the objects were painted with diluted colours and 
these ran together. Incidentally, the experiment is hard to perform in 
this way on account of the long steady fixation involving much strain. 
Every time the eye winks or moves ever so little, the image returns. 
It is much more convenient and satisfactory to use objects that have 
fixed positions on the retina itself, such as the retinal vessels. The 
methods of making the retinal vessels visible have been described in 
§15, Vol. I. What is common to all these methods consists in letting 
the shadows of the vessels fall in some unusual direction or in trying 
to prolong the umbrae of the shadows. But in this case it is also 
necessary to change continuously the direction of the light that casts 
the shadow, and only those vessels are visible whose shadows are 
shifted. As soon as the source of light is kept steady, the ramifications 
of the vessels disappear in a few seconds by becoming as bright as the 
rest of the visual field. They vanish more rapidly and more completely 
than the images of external objects that are hard to focus; and the 
weaker the illumination, the more quickly they disappear.. The way 
to keep them longest is by concentrating sunlight with a lens on the 
external side of the sclerotica, because here the field is brightest. 

Simple considerations easily show. by the way, that the disappear- 
ance of the retinal vessels is due to the same causes as the disappearance 
of all steadily fixated images, and that no special peculiarity of the 
parts of the retina behind the vessels is involved at all in this case. 
There is no ground for supposing that these places are endowed, say, 
with a higher sensitivity than the rest of the retina, and that, therefore, 
even if they are screened, the sensation there would be just as intense 
as elsewhere. For when the shadows are projected in an unusual 
direction, by illuminating a part of the sclerotica through the pupil or 
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from outside so that it becomes a source of light for the fundus of the 
eye, the new parts of the retina where the shadows fall behave exactly 
in the same way as the places that are accustomed to them. The image 
disappears quickly on them too unless its location is varied, and the 
parts where the shadows usually fall cannot be distinguished at all by 
any continuously greater luminosity. Of course, bright gleams flash 
out spasmodically along with the shadow after it has stayed still a long 
time, and then begins to move again. But this happens just as well 
with lateral as with frontal illumination. In this case, therefore, it may 
be that the shaded parts of the retina recuperate, and when light falls 
on them again, they are more sensitive to it. But the after-effect of 
repose, as shown by the bright negative after-image of the shadow, 
does not last any longer than the after-image of dark outside objects. 
Undoubtedly, in the author’s opinion, the rapid disappearance of the 
shadows of the vessels is exactly the same sort of thing as the disap- 
pearance of any objective image with moderate differences of Juminos- 
ity which is steadily focused by the eye, except that in the former 
case the difficulties of fixation are absent., 

Suppose now that a place A on the retina is continuously illumina- 
ted more highly than another place B; then, of course, since A is more 
fatigued than B, the initial difference of stimulation will be diminished 
to a certain extent, and so it gradually gets to be imperceptible and 
disappears wholly and entirely; possibly because it becomes really too 
weak to be perceived, or, as the writer is inclined to think, because our 
powers of discrimination for continuous nervous stimulations are much 
more imperfect than for varying stimulation. But since in these cases 
we stick to our judgment of the colour as we saw it first, and fail to 
notice the gradual change in it, the surfaces A and B in this experiment 
seem to us to get more alike, their average luminosity appearing to be 
about constant. As a general thing the brighter one A, in this case, 
becomes darker, and the darker B gets brighter. Thus, for example, 
when the writer stares a long time at a wall covered with silver-grey 
paper with dark grey leaves on it and some copper engravings, it looks 
as if it had a film of milk over it. 


If there are different colours in the visual field, it is likewise only 
at the first moment that the impression of them is perfectly vivid. As 
we continue to look at them, all colours invariably grow darker and 
greyer, and therefore similar to one another. We notice that they do 
become similar, but we do not notice the change of the dominant colour ;. 
not accurately anyhow when there are no fresh impressions for com- 
parisons; and so generally we consider it as not having changed. 
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Accordingly, after looking at a white field on red ground until the 
two colours become more and more alike, our judgment is that the 
white becomes red. The result is that every time the eye wanders to 
the border between the two fields, a green after-image flashes up on the 
white and a saturated red one on the red, the effect being augmented 
by contrast. 

The tendency of the two colours to become like each other is very 
plainly manifested by looking at a small red field on broad white 
ground. FEcHNER noticed that in this case too the white becomes 
reddish after a time, and uniformly so all over. Another small coloured 
field far off to one side has no influence on the progress of the phe- 
nomenon. But if the point of fixation is located on the border of two 
small fields of different colour, both lying on a white ground, according 
to FECHNER, the ground becomes coated over with the mixture of the 
two colours. And so this experiment shows that the colour perceived 
by the yellow spot is given a special preference, perhaps because this 
colour is judged most sharply and accurately, the colour sensation on 
the peripheral parts of the retina being much more imperfect. 

In the cases heretofore considered where the inducing colour was 
supposed to occupy most of the visual field, or at least to dominate the 
others by its intensity and vividness, the contrast phenomena are very 
constant and distinct, and seem moreover to depend on no minor 
considerations. It is different when the field of the inducing colour is 
not so large and there may be a sufficient number of white and other 
objects besides near it on the border of the field of view. In this case 
the contrast effects throughout are not so constant any more, and will 
depend on many accessory conditions; which in the author’s opinion 
are very important for the theory of these phenomena. If the field of 
vision outside the inducing and induced fields is dark, this does not 
matter much. But when the dark region comprises a very large part of 
the visual field, as is the case, for instance, in looking through a black 
tube, the intrinsic light of the retina seems to supply the lack of a white 
illumination, and the contrast phenomena become uncertain. 

When a little piece of white, grey or black paper is laid on a coloured 
quarto or octavo leaf, and inspected from a distance of about a foot, 
as a rule, supposing the fixation is exact, no contrast colour is perceived 
except maybe some doubtful traces of it. However, if, as in Mrynr’s 
experiment above, the coloured octavo leaf is covered with a sheet of 
thin letter paper, it is remarkable how perfectly clear and constant the 
contrast colour comes out, in spite of the fact that the colour antagon- 
isms are very greatly reduced by this method. Here also it is best for 
the little piece of paper to be grey and of about the same luminosity 
as the coloured paper. 
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The coloured paper covered by the letter paper makes a very faintly 
coloured whitish ground. Where the piece of grey paper is underneath, 
the objective colour of the upper paper is pure white. Now it might 
be supposed that by covering the objective white place with a white 
or bright grey bit of paper laid on top of the letter paper, it too would 
appear complementary to the ground. But, strange to say, that is not 
what happens. The little piece of paper exhibits its own objective 
colour, without contrast. Indeed, if a piece of paper is selected of 
exactly the same colour and brightness as the letter paper over the 
place where the grey is, and if this is inserted at the corresponding 
place of the letter paper, and now if the colours of the two places are 
accurately compared with each other, the contrast effect disappears 
even on the white place of the letter paper, where it was originally; and 
this place now looks white as long as the other little piece of paper is 
there beside it for comparison. Moreover, the contrast colour dis- 
appears also when the contour of the piece of grey paper underneath 
is traced on the letter paper in black lines. Thus the contrast colour 
continues only so long as there is no difference between the two fields 
except their difference of colour. The moment one field is outlined as 
a distinct body or by a definite contour, the effect disappears, or at 
least becomes very much more doubtful. 

Secondly, the experiments with coloured shadows succeed even 
when a comparatively small part of the visual field is illuminated by 
coloured light; for instance, when a coloured plate is mounted vertical- 
ly on a white sheet of paper, so that only part of the paper gets coloured 
light. 

Jn the third place, contrast colours are brought 
out very beautifully also with a coloured field of 
moderate extent in the following method devised 
by Racona Scina. In Fig. 54 ab and ac are two 
white paper surfaces, one horizontal, the other 
vertical; and ad is a coloured plate of glass inclined 
to the two paper surfaces at 45°; e and f are two 
black spots. An observer at B, looking down on 
the apparatus from above, sees the surface ab 
through the coloured glass, and the surface ac 
reflected in it. The image of ac coincides apparent- Fig. 54. 
ly with ab, and the image of the black spot f is at 
g, say, not far from the spot e. The light transmitted through the 
coloured glass is coloured; but the reflected light consists partly of pure 
white light that comes from the first surface, and partly of coloured 
light in comparatively small amounts that is reflected at the rear 
surface, or has been reflected several times inside the plate. Thus when 
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the colour of the plate is dark, the reflected light is almost white; any- 
how it is much less coloured than the transmitted light. Consequently, 
the light the observer gets from the image of f at g is all transmitted or 
coloured light coming from ab; and the light from the bright ground 
is partly transmitted coloured light and partly reflected white light; 
whereas the light from the black spot ¢ is all reflected white light. Now 
although this latter light is not altogether white, but always contains 
some of the coloured light of the glass itself, still by contrast with the 
colour of the ground it appears in the complementary colour. On the 
other hand, the spot g, of course, shows up in the saturated colour of 
the glass. For example, if the glass is green, then e appears pink-red, 
and g appears green. 

Here too care must be taken not to have too much difference be- 
tween the luminosity of e and that of the ground; and so with a coloured 
glass that transmits a lot of light the surface ab ought to be shaded by 
a white paper. Incidentally, the contrast colour of e is more distinct, 
when the spot f shows up there in the same colour as the ground than 
when it does not. Both spots are seen here under apparently the same 
conditions, and the contrast is heightened by comparing the way they 
look. Now if the observer will find a grey paper of exactly the same 
colour as that in which the spot e would appear to him without con- 
trast, and hold a small piece of it over the coloured plate so as to hide 
half of the spot e, this little piece of paper will not appear in the com- 
plementary colour at all or even show any suspicion of it; and the 
moment the colour of the spot e is compared with it, and seen to be the 
same, the complementary colour of e disappears also and changes into 
a simple grey. This is exactly the same phenomenon as shown by the 
first method. 


The following are some similar phenomena, which, it is true, 
exhibit only-very small fields coloured by contrast, yet the effect is 
clear and vivid. Take a rather thick plate without much colour in it, 
such as ordinary greenish window glass, and notice the image of a 
bright white surface reflected in it. In this case the front surface of the 
plate reflects pure white light, and the rear surface greenish light, 
because the latter has been exposed to the absorption action of the 
glass. Now interpose a narrow black rod between the plate and the 
bright surface. There will be two images of it in the glass, one due to 
reflection at the front face of the plate, and the other due to reflection 
at the rear surface. Where the image in the front surface is seen, the 
eye still gets greenish light from the rear surface; and where the image 
in the rear surface lies, the eye still gets white light from the front 
surface. Hence the ground looks white and hardly at all greenish. The 
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first image looks green; and the second image by contrast is very 
distinctly pink-red. The phenomenon is even more distinct when the 
rear surface of a coloured plate of glass of this sort is covered with 
tinfoil, and the after-images are observed at such oblique incidence 
that both of them seem to be equally intense. 

The following experiment is similar. Place a coloured paper, green, 
say, on a white one (a grey one of the same luminosity is better). Near 
the edge where the green and white fields meet, make a small black 
spot on each of them, and place a crystal of Iceland spar over this place. 
Through the crystal all points of the base will be seen doubled. In the 
middle there will be a green-white strip, where the ordinary image of 
the white is covered by the extraordinary image of the green. It must 
be so arranged that one of the images of each of the two black spots 
will be seen in this strip. In the ordinary image of the black spot 
situated on the white, white is absent, but green is present; so the spot 
is green. In the extraordinary image of the black spot situated on the 
green, green is absent, but white is present; by contrast it appears a 
vivid pink-red. 

In these last experiments the contrast action no longer depends 
simply on a definite distribution of colours in the field of vision. We 
have seen that this effect can be exactly the same with two different 
simple modifications of the experiment, and yet in the one case the 
contrast effect appears, in the other it does not. The moment the 
contrasting field was recognized as an independent body laid over 
the coloured ground, or was even divided off enough by something to 
indicate that it was a separate field, the contrast was absent. Accord- 
ingly, since the judgment of the position in space, i. e., of the corporeal 
independence of the object in question, is the decisive factor in the 
determination of the colour, the consequence is that the contrast 
colour here is not due to an act of sensation but to an act of judgment. 
The nature of this act of judgment by which we reach the perception 
of objects with definite characteristics will be more accurately de- 
scribed in Part III (Vol. III). As the acts of judgment here spoken of 
are always executed unconsciously and involuntarily, naturally it is 
often hard to determine what chain of impressions is responsible for 
the final result, and in the nature of the case very different circum- 
stances may affect it. The author will endeavour to indicate here 
some of these conditions, as well as he has been able to ascertain them 
considering how new the subject is. 

The experiments which have been described above have something 
in common which seems very much to support the occurrence of con- 
trast action, although contrast can also occur without this condition. 
That is to say, in all of these cases a coloured illumination, or a trans- 
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parent coloured veil, seems to be spread over the field. The immediate 
impression is not that this colouration is absent where there is white, 
that is, it is not just a mere substitution of the complementary colour of 
the ground in place of the white; but the idea seems to be that two new 
colours are substituted in the place of the white, namely, the colour of 
the ground and the complementary colour. The connection is clearest 
in the arrangement shown in Fig. 54, where the observer looks through 
the green glass inclined at an angle of 45°. He decides that the black 
spot on the horizontal surface is pink-red, but he also decides that this 
spot, as well as the entire surface with its pink-red colour is seen 
through the green glass, and that the green colour given by the glass 
extends uninterruptedly over the entire lower surface, and even over 
the dark spot. Thus he believes that he sees two colours together at 
this place, that is, green, which he attributes to the glass plate, and 
pink-red, which he attributes to the paper behind it; and the two of 
them together do, in fact, give the true colour of this place, that is, 
white. As a matter of fact, an object which, seen through a green 
glass, sends white light to the eye, as this spot does, would have to be 
pink-red. But when a white object of exactly the same appearance is 
placed above the plate of glass, every reason for resolving the colour 
of the object into two disappears; it looks white to us. 

It is the same way when coloured surfaces are covered with translu- 
cent paper. If the ground is green, the paper itself seems to be greenish. 
Now if the substance of the paper extends without a perceptible break 
over grey underneath, the observer thinks he sees an object shining 
through the greenish paper; and an object of this kind must, on the 
other hand, be pink-red in order to give white light. But if the white 
place is outlined as an independent object, and there is lack of con- 
tinuity between it and the greenish part of the surface, it is regarded 
as being a white object lying on this surface. In §20 above, it was 
stated that this sort of separation of two colours that are present in 
the same part of the visual field is a matter of judgment. We were 
confronted with this condition there as something that was an ob- 
stacle to the free realization of the sensation of a compound colour. 
A separation of this sort is a very frequent occurrence whenever the 
two colours are unevenly distributed. These phenomena were noticed 
first by VoLKMANN,! and he describes the effect by saying that we seem 
to see one colour through the other. In the author’s opinion the faculty 
of making such a separation depends on the following circumstance. 
Colours have their greatest significance for us in so far as they are 
properties of bodies and can be used as marks of identification of bodies. 


1 Mutuimrs Archiv fiir Anat. und Physiol. 1838. S. 373. 
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Hence in our observations with the sense of vision we always start out 
by forming a judgment about the colours of bodies, eliminating the 
differences of illumination by which a body is revealed to us. In §20 it 
was noticed that in this sense we make a plain distinction between a 
dimly illuminated white surface and a highly illuminated grey one. 
Therefore, we have a certain difficulty about realizing that brightly 
lighted grey is the same as dimly lighted white. By some device the 
intense light must be confined strictly to the grey field, so that we 
cannot infer from the sense impression that the grey is more highly 
illuminated than the rest of the field of vision. It is then only that we 
recognize its identity with white. Just as we are accustomed and 
trained to form a judgment of colours of bodies by eliminating the 
different brightness of illumination by which we see them, we eliminate 
the colour of the illumination also. There is plenty of opportunity of 
investigating these same corporeal colours in sunshine outdoors, in the 
blue light of the clear sky, in the weak white light of the overcast sky, 
in the red-yellow light of the setting sun, and by red-yellow candle 
light. And besides all this there are the coloured reflections of surround- 
ing bodies. In a shady forest the illumination is predominantly 
green. In rooms with coloured walls it is the same colour as the walls. 
We are never distinctly conscious of these latter variations of illumina- 
tion, and yet they can be demonstrated often enough by the coloured 
shadows. By seeing objects of the same colour under these various 
illuminations, in spite of the difference of illumination, we learn to 
form a correct idea of the colours of bodies, that is, to judge how such 
a body would look in white light; and since we are interested only in 
the colour that the body retains permanently, we are not conscious at 
all of the separate sensations which contribute to form our judgment. 

Thus too when we view an object through a coloured mantle, we 
are not embarrassed in deciding what colour belongs to the mantle 
and what to the object. We do the same thing in the experiments 
described above, even when the mantle over the object is not coloured 
at all; and it is this that causes, or at any rate promotes, the illusion 
into which we fall, and as a result of which we attribute a wrong colour 
to the body, complementary to that of the coloured part of the mantle. 

But although we are trained to recognize correctly the colours of 
bodies in monochromatic light, our experience does not enable us to do 
so when two illuminations in different colours come from two different 
directions and from limited sources of light that cast sharp shadows. 
For in most of the cases of coloured illumination mentioned above, the 
coloured surfaces are very broad, and hence the coloured light is 
tolerably uniformly distributed over all sides of the observed object. 
Hence, with all coloured surfaces without distinction, wherever they 
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are in the sphere of the coloured illumination, we get accustomed to 
subtracting the illuminating colour from them in order to find the 
colour of the object. We do the same thing with the coloured shadows 
where two coloured illuminations coalesce. Where candle light and 
daylight come together, the illumination of the ground is whitish 
red-yellow. This red-yellow of the illumination we subtract too from 
the colour of the shadow that gets no candle light at all, and consider 
it as blue, although it is white. How the idea is actually obtained that 
the coloured illumination is removed in these coloured shadows and 
also in the translucent paper cover over the objective white spot, can 
be seen especially when little irregularities of the paper make the 
illumination spotted; then the observer thinks he sees these little spots 
in the coloured light, although they are not there at all. 

Some other illustrations of our faculty of distinguishing the colours 
apart of two objects placed one behind the other will also be added 
here. The first one is connected with VOLKMANN’s experiment alluded 
to above. He held two small strips of coloured paper in front of his 
eye, one quite close and the other at the distance of distinct vision; and 
noticed that, instead of seeing the mixed colour, he saw one colour 
through the other. Hold a green veil close in front of the eyes, which 
is so highly illuminated that the entire field of view has a green tinge, 
whereas the pattern and creasesin the veil are seen merely as avery 
faint blurred image. Then there will be no difficulty in recognizing 
correctly the colours of objects seen through the veil, although on the 
retina some of the green light of the veil is mixed in with all colours. It 
is even more striking still when presently the retina becomes fatigued 
for the green light; and then the objects seen through the veil will even 
be pink-red, although green light is mixed in their retinal images. The 
best way to see this is to close the left eye and look through the green 
veil with the other eye. Presently a white paper seen through the veil 
will look not simply white but even reddish-white. Then if the right eye 
is closed and the uncovered left eye opened, the paper will look green to 
this eye by contrast. When the eyes are opened alternately, the paper 
looks reddish with the right eye where the retinal image of the paper is 
greenish white; and, conversely, it looks greenish with the left eye 
where the retinal image is white. 

The same result is obtained in the experiment described by Smitx 
of Fochabers (Scotland),! which was afterwards modified and theo- 
retically explained by Briicxy.? When a bright flame is placed close 
by the side of the right eye, or when the eye is illuminated from the right 
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side by the sun, so that no light goes directly into the pupil, the other 
eye meantime being shaded, white objects will look greenish to the 
right eye and reddish to the left eye. This is seen distinctly by opening 
the two eyes in succession, sometimes the right eye and sometimes the 
left eye; or by looking steadily with both eyes at a white sheet of paper 
and holding a little black rod vertically midway between the paper and 
the eyes. Then two images of the rod will be seen projected on the 
paper, one for each eye. The image on the left, where the surface of the 
paper is seen by the left eye, but not by the right eye, will look red, and 
the other image will look green. On the other hand, when a person 
looks steadily at a black plate and holds a white object in front of it 
some distance away, so that there are two images of it, the right image, 
which now is the one seen by the left eye, will be red, and the left image 
will be green. Thus, white looks greener to the eye that is illuminated 
from one side than it does to the eye that is not illuminated. Now 
under these circumstances, light penetrates through the sclerotica and 
eyelids into the illuminated eye, and this light is red, as we already 
know from previous experiments (Vol. I, p. 218). If sunlight is allowed 
to shine on the eye from one side, the red colour will be recognized on 
dark objects too. For example, on looking at a printed page, the black 
letters appear a beautiful red and the white paper green. This red 
light coming in from the side is diffused over most of the fundus of the 
eye, and the places on the retina of the illuminated eye where the image 
of a white object is formed are therefore simultaneously illuminated 
by white and red light, but the sensation is greenish white. The green- 
ish colouring gets more and more distinct as the experiment goes on, 
because it depends on the eye’s being fatigued for red. But with ex- 
cessive red illumination of the retina the only way this can happen 
is by the illumination already diffused over the ground getting sep- 
arated from the additional light coming from the objects; and thus 
this latter light looks greenish because the eye is fatigued for red. In 
contrast therewith pure white looks reddish in the eye that has not 
been affected. 

Consider, moreover, the image of the wall-paper and of the ceiling 
of a room which is reflected in the highly polished surface of the top of a 
mahogany table. When the eye is accommodated for these images, 
the colours either look natural or, it may be, a little bluish, comple- 
mentary to the colour of the table. On the other hand, when the 
eye is accommodated for the top of the table, the total light coming 
from it is overwhelmingly red-yellow. The author’s experience in 
this case is that the complementary colouring of the images occurs 
especially when the reflected light of the object is feeble as compared 
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with the illumination of the table. But if the light falls very obliquely 
so as to increase very much the intensity of the reflected light, and at 
the same time cause the grain of the wood to disappear, the images, on 
the contrary, will often look reddish, because then there is no induce- 
ment any more to complete the separation. 

Although these circumstances 
that prompt us to effect a separa- 
tion of white light into two portions 
are very conducive to the appear- 
ance of contrast, still they are not 
necessary. Similar contrast phe- 
nomena occur also in other cases, 
where a faint difference of colour 
is all that separates the induced 
from the inducing field. The effects 
are shown very beautifully on the 
colour top by inserting small col- 
oured sectors on a white ground, so 
that the disc is like that shown in 
Fig. 55. Halfway from the centre the coloured sectors are interrupted 
by a piece composed of white and black. Thus when the disc revolves, 
naturally there should be a grey ring on a slightly tinted whitish 
ground. But as a matter of fact, this ring does not look grey. The 
colour is complementary to that of the sectors, and is most intense 
when its luminosity is the same as that of the ground or a little less. 
If the coloured sectors are wide, and consequently the colour of the 
ground too intense, the complementary colour of the ring will be fainter, 
or anyhow more doubtful, than when the ground is not so highly 
coloured. It is the same way when the grey ring is enclosed by two 
narrow black circles that sharply divide it from the ground. In the 
latter cases the contrast colouring is probably not entirely lacking, but 
it is connected with a considerable uncertainty of judgment as to the 
colour of the induced field; and by comparing it with a white field 
situated near the colour top, it is easy to reach the conclusion that the 
induced field is really white; whereas when the circles are absent, there 
is no doubt about the complementary contrast colour asserting itself in 
the perception. On the other hand, when a little bit of white paper is 
taken in a forceps and held over the greenish disc, absolutely no con- 
trast colour whatever is seen on it, even when it is contrasted with the 
greenish field by no deep shadows. And when it is so turned towards 
the light that its luminosity is exactly the same as that of the grey zone, 
even the latter suddenly appears white in the vicinity of the little bit 
of paper, and like it; whereas the more distant parts of the ring general- 
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ly continue to be coloured. If the grey zone is outlined by black lines, 
its colour in this experiment is recognized as pure grey all over. In 
this case it cannot be said that one colour was seen through the other. 
But in deciding as to the colour of the ring we start with the colour of 
the ground, and consider the colour of the ring as being a departure 
from the colour of the ground. When the two colours belong to two 
different bodies, there is no reason for connecting them together. We 
try rather to decide about the colour of each object independently of 
any accidental juxtaposition. But if a continuous flat surface, of the 
same structure and material all over, shows different colours in different 
places, the individual differences of these places being therefore in the 
colouring, necessarily in our judgment of them these different colours 
as such have to be connected and compared with one another. The 
result of this comparison, as experiment shows, is that the difference 
between the colours appears to be too great; whether it is because this 
difference, if it is the only one present and alone attracts the attention, 
makes a stronger impression than when it is one among several, and, 
therefore, is involuntarily considered as larger in the first case than in 
the second; or whether it is because in this case also the different 
colours of the surface are considered as being variations of the single 
fundamental colour of the surface, such as might be produced by 
shadows falling on it, by coloured reflections, or by being moistened by 
coloured fluids or sprinkled with coloured powders, etc. As a matter 
of fact, in order to produce an objectively white-grey spot on a greenish 
surface, a reddish pigment would have to be used. 


Incidentally, it comes out plainly in the capricious results of these 
experiments, how hard it is for us to make accurate comparisons of 
luminosity and colour of two surfaces that are not directly in contact 
with each other and have no border between them. In the case of 
photometric methods we saw that the only certain and exact way of 
making the comparison was when there was nothing to distinguish 
the border between the two fields except difference of colour or illu- 
mination. The farther they are apart, the more inexact the comparison 
becomes; so that in such a case there is distinctly a wider latitude for 
the influence of accessory circumstances on our judgment of luminosity 
or colour. In the experiments which have been described the difference 
between the induced and inducing surfaces is brought out under the 
most favourable conditions; but the induced surface has to be compared 
with other surfaces lying off to the side in the visual field, so that this 
comparison can only be very imperfect. 

This is shown still more plainly in the experiments now to be 
described, where the induced surface is in contact with two different 
colours on opposite sides. Then it will have the complementary colour 
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on the corresponding edges. Or when the induced surface touches a 
darker surface on one edge and a brighter one on the other, the first 
edge will look brighter and the second edge darker. However, these 
contrast phenomena are likewise not distinct unless the only distinction 
between the inducing and induced fields is simply the difference of 
colour or luminosity, with no other border of any kind. 

The experiments can readily be performed with transparent paper 
covers. Pieces of green and pink-red paper are fastened together so as 
to make a single sheet, half one colour and half the other. On the 
border line between the two colours a little strip of grey paper is 
attached; and over it all is laid a sheet of thin letter paper just large 
enough to cover it. The grey strip, where it touches the green, will 
now look pink-red, and where it touches pink-red it will look green. 
In the middle of it the two colours fuse into each other through an 
indefinite hue which perhaps is really grey, although it cannot be 
definitely recognized by us as such. The phenomenon is much more 
vivid when the length of the grey strip is oblique to the line of separa- 
tion of the colours. Then the part of the grey that projects into the 
green may look just as vividly pink-red as the pink-red ground of the 
other side. The contrast colour is fainter, yet distinctly perceptible, 
when the middle longitudinal line of the grey strip is directly over the 
line of separation of the cqlours. Then the lateral edges of the grey 
appear coloured with a narrow border of complementary colour faded 
out towards the middle. 

Similar effects are obtained by laying thin sheets of paper on top of 
each other step-fashion, so that the edge of each sheet is exposed in 
turn. If light is allowed to shine through a layer of paper whose thick- 
ness varies in this way, the objective brightness in each step will be 
constant of course, and yet each step 
will look darker at the edge where it 
touches the next brighter one, and 
brighter on the other edge where it 
touches the next darker one. 

However, all these phenomena 
can be much more beautifully pro- 
duced and delicately regulated on the 
colour top. The disc is made in black 
and white with sectors formed as 
shown in the accompanying Fig. 56. 
When it is set in- revolution several 

Fig. 56. concentric rings will be seen, the 
outer ones being always brighter than 
the next interior ones. Within every ring of this sort the angular 
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width of the black segments is constant; and hence, with rapid rota- 
tion the luminosity is constant too. The luminosity varies simply from 
one ring to the other. And yet each ring looks brighter on the inside 
where it connects with the next darker ring; and darker on the outside 
where it joins the next brighter ring. If the differences of luminosity 
of the rings are very slight, it can scarcely be noticed sometimes that 
the inner rings are darker than the outer; and what the eye sees rather 
is simply the regular alternation of bright and dark at the edges. 

If different colours are used instead of white and black, the colour 
of each ring will look different at the edges, although objectively the 
colour of each single ring is the same all over. Each element of the 
compound colour comes out more intensely on that edge of a ring 
where it joins another ring containing less of this colour. For instance, 
suppose that blue and yellow are mixed, and that blue predominates 
in the outer rings and yellow in the inner rings; then each ring will look 
yellow on the outside and blue on the inside. And if the differences 
of colour between the separate rings are on the whole very slight, here 
again we may get the illusion of the disappearance in the various rings 
of the differences of colour that are really there, and the alternating 
blue and yellow contrast colouring of the edges will seem to be applied 
on a uniformly coloured ground. It is very characteristic too that 
usually in these cases the compound colour does not make an im- 
pression, but what we seem rather to see are the two colours separately 
side by side and all in disorder. 

These very striking contrast effects disappear, however, when the 
boundary between each pair of rings is outlined by fine black circles. 
Then each ring looks, as it really is, of the same luminosity and colour 
all over. Here too perfect continuity and uniformity of the parts of the 
different fields except as to colouring is again a decisive factor; and 
so here too we have to do with variations, not of sensation but of 
judgment. The differences of illumination of the various parts of the 
surface assume special importance again as individual perceptible 
differences; and since the differences between two elements of surface 
are plainer and more certainly detected when they are directly in 
contact than when they are farther apart, the differences of illumina- 
tion along the edges of each pair of fields will be particularly forced on 
the attention; and because the perception of them is surest and most 
distinct, these differences look bigger than those between a pair of 
middle portions of two fields as to which the mind is more in doubt. 
In the experiments here described there was no sudden change of 
illumination in the middle of each field that could be perceived; and 
therefore the appearance was as if the colour of one edge had passed 
gradually through the middle of the field into that of the other. How- 
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ever, if a black mark is made in the middle of the induced field, or if 
a grey field, the two halves of which are unequally bright and separated 
by a clear line of division, is interposed between two coloured ones, the 
complementary colourings will extend from each side up to this bound- 
ary line and be separated by it. If the colour-differences between the 
induced and inducing fields are so marked that there is no doubt about 
detecting the difference everywhere, the contrast action disappears, 
or at any rate is much more uncertain: If there is some other de- 
limitation of the induced field besides, the difference between its 
colouring and that of the inducing field is detected with far less 
certainty, and the contrast likewise disappears or is less pronounced. 


Note (added by HELMHOLTZ to the first edition) —BURCKHARDT has 
devised a series of experiments on contrast colours in after-images 
which on the whole are extraordinarily vivid, because the conditions 
are especially conducive here to the production of contrast. The same 
cases are mentioned above on pages 244 and 278. The after-image of 
white surrounded by a monochromatic ground shows the same colour 
as this ground. If two different colours of equal extent come in contact 
with the white field, the after-image of the white will be a mixture of 
the two colours of the ground. If the after-image is projected on a 
coloured ground, the colour of this ground contributes in addition the 
colour that the after-image would show on white ground. The following 
experiment is very beautiful. Look steadily at a dise with two coloured 
sectors while it is standing still. Then suddenly begin to rotate it with- 
out moving the eyes. The after-image will be seen on the dise with the 
colouring of the sectors reversed. 


In the theoretical explanation of contrast phenomena the earlier 
observers invariably assumed that the mode of reaction of the nerves, 
that is, the sensation, is altered at the induced places on the retina, 
and therefore that contrast phenomena belonged in some sense in the 
domain of sympathetic sensations (or synaesthesia). Many investi- 
gators have been inclined to explain irradiation in this way also. Un- 
doubtedly, in a certain sense there is some justification for speaking 
of altered sensation, in the case of observations where no precise dis- 
tinction is made between successive contrast and simultaneous con- 
trast, and where, therefore, there might certainly be a modification of 
sensation due to after-images. Here, as far as possible, the author has 
endeavoured, methodically in every case, to make a distinction between 
successive contrast and simultaneous contrast; the result being that, 
wherever the inducing colour did not overshadow all others by its 
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extent and luminosity, the occurrence of the contrast colour has been 
shown to be due to conditions which were established simply by the 
psychic activities by which it reaches visual perception. If the inducing 
field is supposed to be an independent body, usually the contrast colour 
does not come out so as to be perceived. The nature of the illusion of 
judgment that occurs in this case has already been indicated. In- 
variably we have to do with cases where a certain modicum of doubt 
exists as to the nature of the induced colour, because an exact com- 
parison of it with white is not feasible; and where, therefore, our 
faculty of perception is influenced by subsidiary circumstances so as to 
misplace the colour in question first at one and then at the other limit 
of the interval in which the uncertainty exists. To those readers who 
as yet know little about the influence of psychic activities on our sense- 
perceptions it may perhaps seem incredible that through psychic 
activity a colour can appear in the visual field where there is none. 
The author must beg them to suspend judgment until they have 
become acquainted with the facts in Part III of this work, which will 
deal with the sense-perceptions. There they will find many examples 
of a similar kind. The present chapter has brought us already to the 
theory of the perceptions of vision; and it has been allowed to remain 
here in the theory of sensations, because heretofore contrast has always 
been considered as belonging here, and because the most ordinary 
phenomena in this region are of mixed nature. 

Since most contrast phenomena are dependent on the extent of the 
uncertainty in the judgment of the intensity and quality of our visual 
sensations, practice in judging colours is bound to have a considerable 
influence on the appearance of contrast. An eye that is trained in 
estimating size, distance, etc., will be on its guard against many 
illusions into which an untrained eye will be betrayed, and it is the 
same way with determinations of colour; and hence the author’s belief 
is that practised eyes generally see contrast less vividly than unprac- 
tised eyes. His experiments were easily verified for him by persons who 
were skilled in optical observations. On the other hand, in many books 
contrast phenomena are described in such fashion that he is compelled 
to suppose that many observers can see them much more easily and 
more frequently than he can do. 

Whereas, owing to the dependence of the colouring on other cir- 
cumstances which are simply matters of judgment, there can be no 
doubt as to the interpretation of contrast phenomena when the induc- 
ing field is circumscribed, the contrasts are much more constant when 
the inducing field is not circumscribed, and might therefore seem to 
imply rather that they are aroused by changes of the sensation itself. 
However, the conditions for reaching positive decisions as to the colour 
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of the inducing field are evidently far more unfavourable still in these 
latter cases than they are in the former, simply because there is no 
other white with which to compare the colour of this field, or at any rate 
the comparison is much more restricted. Besides, although contrasts 
occur more constantly in an inducing field that is not circumscribed, at 
the same time so far as their intensity relations are concerned, they are 
perfectly analogous with those of the circumscribed field. In all these 
cases the contrast colour is evoked in full intensity even by a very low 
intensity of the inducing colour, and is but little augmented by increase 
of the latter. On the other hand, it may be distinctly augmented the 
moment the sensation is actually altered by after-images. It will 
finally be maintained in full intensity by the judgment when all other 
colours are removed from the visual field. And so the author does not 
doubt that when the inducing field is large, just as when it is small, the 
explanation of the phenomena must be that the contrast colour is 
determined simply by an exercise of judgment, although in the former 
cases he cannot yet give as satisfactory proof of this explanation. 


LEONARDO DA VINCI was quite familiar with contrast phenomena. He 
says that of all colours of equal purity those are the most beautiful that are 
placed side by side with their opposites; that is, white with black, blue with 
yellow, red with green.! Later the contrast phenomena that especially 
attracted attention more than all others were coloured shadows. OrTTo 
v. GumRICKE” knew about them and tried to utilize them to prove ARIs- 
TOTLE’s statement, that blue could be obtained by mixing white and black. 
But more general attention was first directed to them by Burron.? How- 
ever, his observations were merely occasional and always made at sunrise 
or sunset, when they were sometimes blue, sometimes green. Abbé Mazras# 
produced them by the light of the moon and of a candle. Moreover, he 
thought he was able to explain them as being due to diminution of the light. 
On the other hand, MretvituE’ and Boucunr’ tried to explain the phenomena 
on Nrewrton’s colour theory. The colours were supposed to be objective, 
because, in point of fact, blue shadows illuminated by the light of the blue 
sky are objectively blue in colour. BrcausEtin,’ in particular, showed that the 
blue sky light is really the cause of blue shadows in many cases. The sub- 
jective nature of the colour of one of the shadows seems to have been dis- 
covered first by Rumrorp,® by observing it through a narrow tube. GorTue,?® 


1 Trattato della pittura. Kap. CC. —-Coloured shadows in Chapters CLVI and 
CCCXXVIII. 

2 Haper. Magdeb. S. 142. 

3 Mém. del Acad. de Paris. 1748. p. 217. 

4 Abh. der Akad. zu Berlin. 1752. 

5 Edinb. Hssays. Vol. Il. p. 75. 

6 Traité d'Optique. p. 368. 

7 Mém. de V Acad. de Berlin. 1767. p. 27. 

§ Philos. Transact. LX XXIV. 107; Grens Neues Journal der Physik. II. 58. 

9 Farbenlehre. 8. 27. 
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Grotuuss,! Branpgs,? and Tourruat’ adopted the same view. On the 
other hand, other observers still contended for a long time for the objective 
nature of both shadow colours; for example, v. PauLA Scurawx‘ (who attri- 
buted the colour of the blue shadow to diffraction), ZscHoKKE,® Osan.,° and 
PoHLMANN’ (who adopted the view of Beaurnin). But it was Fecuner® 
chiefly that proved the subjective nature of these phenomena. Among other 
things he demonstrated also how the contrast colour once aroused might be 
maintained by an exercise of judgment; and, although he made a great 
many new observations, he did not venture to propose any theory of these 
phenomena. PxiatTeEav® included contrast phenomena in his theory of after- 
images; just as the change of the retina to the opposite state was a function 
of the time, it should likewise be a function of ,the (exciting) surface, the 
result being that right around the region of excitation the same phase occurs 
that is manifested in irradiation phenomena, and a little farther away the 
opposite phase that arouses contrast. 

The explanation of contrast phenomena as being due to after-images had 
been proposed by Jurin,!°and afterwards by Branpes. It was true for some 
of the phenomena, but not for all; and Frcuner, in particular, showed that 
even without preceding fatigue of the retinal areas concerned, contrast colours 
could arise. 

The modifications of individual colours by their juxtaposition to others 
were accurately described by Curvreut." The complementary reflex images 
in plates of coloured glass were described by BRaNpus” and Osann. The best 
method of making this experiment was devised by Dove." It was further 
modified by Racona Scrna.“ The cases in which the induced field has the 
same colour as the inducing field were discovered by FrecHNnmrR and BrtcKer.® 
H. Mryrr® showed that a faint difference between the colours is more con- 
ducive than a big one. Incidentally, almost all the later observers adopted 
PLATEAU’s view, that contrast is due to a change in sensation. The author 
himself has endeavoured in this article to separate the various concurrent 
causes more fully than has been done heretofore; and has taken pains to show 
that pure simultaneous contrast is due to a change, not of sensation, but of 
judgment.’ 


1Scuweiacers Beitrdge zur Chemie und Physik. III. 14. 

2 GeHLeRs Neues Worterbuch. Art. Farbe. 

3 Die Erscheinungen des Schattens. Berlin 1830. 

4 Muinchener Denkschr. 1811 and 1812, S. 298, and 1813, S. 5. 

5 Unterhaltungsblatter fiir Natur- und Menschenkunde. 1826. 8. 49. 

*Poag. Ann. XXVII. 694; XXXVII. 287; XLII. 72. 

TTbid. XXXVII. 319-341. 

8 Ibid. XLIV. 221. L. 433. 
9 Ann. de chim. et de phys. LVIII. 339.—Poaa. Ann. XXXII. 543; XX XVIII. 626. 

10 Essay on distinct and indistinct vision. p. 170. 

u Mém. del Acad. XI. 447-520. 

2 Grniters Neues Worterbuch. Art. Farbe. IV. 124. 

13 Poagenporrrs Ann. XLV. 158. 

M Race. fisico-chimict. II. 207. 

1% Denkschr. d. Wiener Akademie. III. October 3, 1850. 

16 Poaagenporrrs Ann. XCV. 170. 

17 (HELMHOLTz’s contention that errors of judgment are at the basis of our ideas of 
contrast (especially of simultaneous contrast and also of successive contrast in some cases) 
has been vigorously opposed by E. Hrrine and others. Herine (Arch. f. d. ges. Zeit. f. 
Psychol. u. Physiol. d. Sinnesorg. 1890. I. 18) has furnished striking evidence that the: 
excitation of one region of the retina may modify the physiological state of contiguous 


298 The Sensations of Vision (252, 253. 


1651. Leonarpo pa Vinci (*1519), Trattato della pittura. Chapters CLVI,CC,CCCXXVIII. 

1672. Orro v. Gurrickn, Experimenta nova, ut vocantur, Magdeburgica de vacuo spatio. 
Amstelod. 1672. p. 142. 

1738. Jurin, Essay on distinct and indistinct vision. p. 170. 

1743. G. pp Burron, Sur les couleurs accidentelles. Mém. de Paris. 1743. p. 217. 

1752. Mazras, Mém. del’ Acad. de Berlin. 1752. 

1760. BovcusEr, Traité d’optique sur la gradation de la lumiére. Paris 1760. p. 368. 
Me vittn, Observations on light and colours. Essays and observations. Phys. and 
Litt. Edinburgh IT. 12 and 75. 

1767. Braue.in, Mémoire sur les ombres colorées. Mém. de l’Acad. de Berlin. 1767. 
p. 27. 1783. p. 52. 

1778. v. GLEICHEN alias Russworm. Von den Farben des Schattens. Act. Acad. Mogunt. 
1778. 308. 

1782. H. F. T., Observations sur les ombres colorées. Paris 1782. 

1783. FLaucuErGugs, Sur les ombres colorées. Mém. de Berlin. 1783. p. 52. 
Oporx, Journal de Physique. 1783. Dec. 
Perrini, Mem. di Mat. e di Fisica della Soc. Ital. XIII. p. 11. 

1787. CarvaLHo E Sampaco, T'ratado das Colores. Malta 1787. 

1805. Prieur, Bemerkungen iiber die Farben und einige besondere Erscheinungen der- 
selben. Gitp. Ann. XXI.S. 315.—Ann. de Chim. LIV. p. 1. 
Hassenrratz, Sur les ombres colorées. Journ. de l’école polytech. Cah. XI. 

1810. v. Gorruer, Zur Farbenlehre. S. 27. 

1811. Groruuss, Uber die zufalligen Farben des Schattens. ScaweteceErs Journal. IIT. 14. 
v. Pauta Scuranx, Uber die blauen Schatten. Abh. d. Miinchener Akad. 1811. 
p. 293 and 1813. p. 57. 


areas (theory of retinal induction). He holds this reciprocal relation of retinal areas to be 
of fundamental importance in contrast and does not accept the explanation of the phen- 
omenon given by Hetmuoutz. More recent experimental work in favour of H»rine’s 
theory may be found in the publications of SaerRineton (Journ. Physiol. 1897. X XI. 33), 
Bmwwe .u (Proc. Roy. Soc. London 1901, LX VIII, 262) and Burcu (Physiological Optics, 
Oxford 1912); see also Strartine (Human Physiology, 1920, p. 573). The most recent 
paper (supporting Hrrrna) is by C. v. Huss (Arch. f. d. ges. Physiol. 1920. 179. p. 50). 

Although the experiments of these writers have been pretty generally accepted as 
furnishing convincing evidence that the view of HrLMHOLTZ was wrong, the problem is 
not so simple as it seems. Hr_mHoLrTz certainly recognized this fact, and so did BipwELL, 
who distinctly agrees (loc. cit.) with HetmHoutz that mental judgment is sometimes the 
sole cause of contrast phenomena. GrreENwoop (Physiology of the Special Senses. London 
1910) has proposed an explanation of simultaneous contrast which helps to harmonize the 
two conflicting theories, and ALLEN’s recent paper (Reflex Visual Sensations and Color 
Contrast, Journ. Op. Soc. Amer. ete. 1923. VII. 918) is important. v. Krizs (Allgemeine 
Sinnesphystologie. Leipzig 1923) in his recent critical analysis of the-problem, has clearly 
set forth the complexity of contrast phenomena and pointed out the basis of the con- 
troversy. See also v. Kries’s Note at end of this chapter. 

For extensive discussions of contrast and related phenomena the reader is referred to 
articles by Tscuurmax (Ergeb. d. Physiol. 1903. I. (2) 726), wko gives a full bibliography 
to 1902; Rivers (in Scuarer’s Textbook of Physiology. 1900. II. p. 1060), and v. Krizs 
(loc. cit.). For literature since 1902 the Zeitschrift fir Psychologie und Physiologie des Sinnes- 
organe (separated in 1906 into the Zft. f. Sinnesphysiologie and Zft. f. Sinnespsychologie) 
and the Psychological Index are indispensable. For reviews of literature see the Psychological 
Review up to Vol. X, the Psychological Bulletin and The American Journal of Physiological 
Optics. 1921. II. pp. 232, 316 (Reviews of progress of visual science, by TROLAND; see also 
his important monograph on ‘“‘The present status of visual science.” Bull. Nat. Res. Counc. 
1922. Vol. 5. part 2. No. 27). — (M.D.) 
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Muncxz, Uber subjektive Farben und gefarbte Schatten —Scuweiacrrs Journ. 
XXX. 47. 
ZscHoxKK®E, Die farbigen Schatten, ihr Entstehen und ihr Gesetz. Aarau 1826.—Unter- 
haltungsblatter fiir Natur- und Menschenkunde 1826. S. 49. 
Branpes, Art.: Farbe in Gesters Newem physik. Worterbuch. IV. 124. 
TreEscHEL, Biblioth. wnivers. XXXII. 8. 
Tourruat, Uber die Erscheinungen des Schattens und deren physiologische Bedin- 
gungen, nebst Bemerkungen tiber die wechselseitigen Verhdltnisse der Farben. Berlin 
1830. 
Lexort in: Annales des sciences d’observation par Satcny et Raspatn., 1830. III. 
3.—Froriprs Notizen. XXVIII. p. 177. 
Osann, Vorrichtung zur Hervorbringung komplementirer Farben und Nachweis 
ihrer objektiven Natur. Poacnnporrrs Ann. XXVII. 694; XXXVII. 287; XLII. 72. 
Smits (of Fochabers) in Edinb. Journ. of Science. V. 52. 
Brewster, Uber den Versuch von Smrru in Poccunporrrs Ann. XXVII. 494. 
CHEVREUL, Sur l’influence, que deux couleurs peuvent avoir l’une sur l’autre, quand 
on les voit simultanément. Mém. de l’Acad. de Paris. XI. 1832. — De la loi du 
contraste simultané des couleurs. Strasbourg 1839. 
J. Miuumr, in his Archiv fiir Anat. und Physiol. 1834. S. 144.—Lehrbuch d. Physiol. 
2. Aufl. II. 372. 
PuaTEAu in: Ann. de chim. et de phys. LVIII. 339.—Poaeenporrrs Ann. XXXII. 
543. XX XVIII. 626. 
Poutmann, Theorie der farbigen Schatten. Poaarnporrrs Ann. XX XVII. 319-341. 
. *Frcuner, Uber die Frage, ob die sogenannten Farben durch den Kontrast objek- 
tiver Natur seien. Pogeenporrrs Ann. XLIV. 221-245. 
Dove, Uber subjektive Komplementiarfarben. Poaannporrss Ann. XLV. 158. 
. *FECHNER, Tatsachen, welche bei einer Theorie der Farben durch den Kontrast 
zu beriicksichtigen sind. Pogcrenporrrs Ann. L. 433. 
D. Racona Scrna, Su taluni fenomeni che presentano i cristalli colorati. Race. fis. 
chim. II. 207. 
E. Briicxn, Untersuchungen iiber subjektive Farben. Wéiener Denkschr. III. 95.— 
Pogernporrrs Ann. LXXXIV. 418.—Arch. d. sc. phys. et natur. XTX. 122. 
A. Bzrr, Uber das tiberzihlige Rot im Farbenbogen der totalen Reflexion (Kon- 
trastfarbe). Poacrnporrrs Ann. LXXXVII. 113-115. Cosmos. II. 95. 
H. Meyer, Uber Kontrast- und Komplementirfarben. Poccenporrrs Ann. XCV. 
170-171.—Ann. de chim. (3) XLV. 507.—Phil. Mag. (4) IX. 547. 
CHEVREUL, Note sur quelques experiences de contraste simultané des couleurs. 
C. R. XLVII. 196-198.—Dinewer J. CXLIX. 435-436. 
Narpvo, Nota sulle ombre colorate ottenute col solo concorso di luce bianche. C7- 
mento. IX. 352-356.—Atti dell’ Istit. Veneto. V.—Zeitschr. fiir Chemie.1860. pp. 18-20. 
Ragona, Su taluni fenomeni di colorazione soggetiva. Atti dell’ Acad. Palermit. 
II1.—Zeitschr. fiir Chemie. 1859. pp. 20-24. 
G. Tu. Frecuner, Uber die Konstrastempfindung. Leipzig. Ber. 1860. S. 71-145. 
Osann, Uber Erginzungsfarben. Weirzb. Zeitschr. I. 61-77. 
Frecuner, Einige Bemerkungen gegen die Abhandlung Prof. Osanns tiber Ergan- 
zungsfarben. Leipz. Ber. 1860. 146-165. 
J. J. Oprex, Uber farbige Schatten bewirkt durch weisses Licht. Jahresber. des 
Frankf. Vereins. 1859—1860. S. 65—69. 
Rossouini, Sulle ombre colorate. Atti dell’ Istit. Lombardo. II, 318—821. 
H. Avusert, Beitrige zur Physiologie der Netzhaut. Abhandl. der schlesischen 
sellsch. 1861 (1). 8. 49-103. 8. 344. 
G. Tu. Fecuner, Uber den seitlichen Fenster- und Kerzenversuch. Leipz. Ber. 
1862. S. 27-56. 
Fr. Burcxnarpt, Die Kontrastfarben im Nachbilde. Basler Verhandl. 1865. 
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Note by v. Kries (prepared especially for the present English edition).' 


It is well known that the theoretical explanation of simultaneous 
contrast, with respect to both luminosity and colour, has been a subject 
of particular controversy. As opposed to HELMHOLT2’s opinion of our 
having to do here invariably with what he calls “mental illusions’, 
another view, due mainly to Herne, which has been prevalent for a 
long time, is that, by virtue of a reciprocal physiological action of 
adjacent portions of the visual organ, which follows simple laws, a 
change takes place in the sensation itself in the strict sense of the word. 
Thus, for example, the sensation at one place in the visual field might 
be darkened by high illumination at an adjacent place, or it might be 
shifted towards green by red illumination at.an adjacent place, and so 
on. It is not possible to go into this subject here in detail, and the 
reader is referred therefore to other works where the writer has dis- 
cussed it (NAaGEL’s Handbuch der Physiologie, III, pp. 232 foll.; also 
v. Kriss’s Allgemeine Sinnesphysiologie, Leipzig, 1923, p. 261 and 
especially pp. 275 foll.). Perhaps here it will suffice simply to say a few 
words as to the present status of the question. To begin with, it may be 
regarded as certain that there actually is a reciprocal physiological 
action as Herine supposed, especially with respect to luminosity- 
contrast. However, it is another question as to whether this is the sole 
cause of contrast phenomena or whether conditions of another sort are 
likewise involved, especially conditions that are identical with, or at 
any rate not very far removed from, those which HELMHOLTz inferred. 
At present the latter must be considered as being probably the case. 
All the facts that led Hetmuoutz at the time to attribute these phe- 
nomena to mental illusions and that were adduced by him in support 
of this hypothesis are in its favour. Moreover, some very searching 
experiments on this point have been made very recently by JAENSCH 
and his pupils; the conclusion being that many, in fact most, contrast 
phenomena are not to be accounted for by a_reciprocal physiological 
action such as HERING assumed. Consequently, instead of speaking of 
a simple change of sensations, JAENSCH employs the term “‘transforma- 
tion”’ of luminosity or colour.?, However, the idea that is meant to be 

1 {Concerning the above note on ‘‘Contrast,’”’ Professor v. Krizs writes (from Frei- 
burg, January 6, 1924) that it had been originally intended to add an extensive article on 
this subject in the third edition, but that owing to the fatal illness of Professor NaGEL, 
who had been entrusted with this task, the plan had ultimately to be abandoned. Pro- 
fessor v. Krizs expressed the hope that some effort would be made to supply this deficiency 
in the English edition, and kindly offered to place the brief note above at the disposal of 
the editor to be utilized for that purpose in any way he deemed best. However, it was 
finally decided to insert here Professor v. Krixs’s note just as it stands. (J. P. C. 8.) 

?R. E. Jaznscu and A. E. Mttuter, Uber die Wahrnehmung farbloser Helligkeiten 


und den Helligkeitskontrast. Zt. f. Psychol., LX XXIII. p. 266. — O. Krou, Uber Farben- 
konstanz und Farben-Transformation. Zft. f. Sinnesphysiologie LII. p. i13. 
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conveyed here by the use of the term transformation amounts to 
saying that the connection between the sensation strictly so-called and 
the conceptions that are retained in the memory can be shifted; and so 
in any case it is not far removed from HELMHoLTz’s hypothesis of 
mental illusions.! —K. 


§25. Various Subjective Phenomena 


Some subjective phenomena of vision still remain to be described, 
the explanation of which is as yet unknown or at any rate is very 
doubtful, and which therefore could not be included in the preceding 
chapters. 

1. Phenomena of the yellow spot. The yellow spot is a place on the 
retina which is distinguished in many respects. The peculiarities of its 
anatomical structure have been described in Vol. I, §4. Moreover, 
physiologically, it is characterized by the keenness of its perception of 
tiny images, wherein the fovea centralis far surpasses all other places 
of the retina. Its importance as point of fixation is a consequence of 
this extraordinary sensitivity. In Vol. I, §15, pp. 213-217, it was shown 
how the yellow spot could be made visible in the entoptical image. In 
this mode of observation it is characterized by the absence of vessels at 
its centre, and also by the shadows cast by the lateral slopes of the 
fovea in oblique illumination. With respect to the sensations of this 
place on the retina, we have already mentioned that when a current of 
electricity goes through the eye, the yellow spot is outlined sometimes 
as dark on a bright ground, sometimes as bright on a dark ground, 
depending on the direction of the current. Moreover, in intermittent 
light of moderate frequency the yellow spot appears as a peculiar star- 
shaped design in the iridescent patterns of the retina. 

Another fact has now to be mentioned. In uniformly diffused 
illumination, especially in blue light, the yellow spot is character- 
istically outlined. Then different parts of the yellow spot, not always 
all at the same time, appear with different distinctness under dif- 
ferent conditions. The centre of the yellow spot is the fovea cen- 
tralis, and there the retina is very thin, transparent and without 
colour. According to Kor.uiker, its diameter is between 0.18 and 
0.225 mm. Its distance from the posterior nodal point of the eye is 
15 mm, and therefore on the average 75 times as great as its diameter. 
Hence, its apparent size in the field of view is that of a circle whose 
angular diameter is from 40 to 50 minutes of arc. Ordinarily, when 
visible, it looks like a regular well outlined circle. Surrounding the 
fovea centralis a dark halo is frequently observed, whose size about 


1 Concerning this, see v. Krixs, Allgemeine Sinnesphysiologie p. 139 and pp. 281-284. 
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corresponds to the place of the yellow spot where there are no vessels, 
as it looks when the vessels are made entoptically visible. The external 
boundary of this so-called non-vascular halo is indistinct. Its diameter, 
being about three times that of the fovea centralis, amounts therefore 
to something over two degrees. Sometimes its border is fairly circular 
in appearance, especially in dim light, and then again it is like a rhomb 
with its longer diagonal horizontal. It appears the latter way to the 
author, especially in good light. Anatomically, this place corresponds 
to the central, intensely yellow, part of the yellow spot. Its horizontal 
diameter as measured by H. MU.ier in two eyes was 0.88 and 1.5 mm; 
and its vertical diameter 0.53 and 0.8 mm. Incidentally, the yellow 
colouring extends much farther yet, but it is weak and faded. 

Finally, in good light the dark non-vascular halo is seen surrounded 
also by a bright halo, whose outer border is very indefinitely indicated, 
and which likewise looks to the author more rhomboidal than circular. 
Its two diameters are some three times as large as that of the dark non- 
vascular halo. An anatomically well-defined substratum of this place 
cannot be designated. The yellowish faded colouring of the outer parts 
of the yellow spot coincides to some extent with this bright halo. Still 
nothing can be said about the congruence of their areas, because the 
extent of the faint yellow colouring is too different in different eyes. 
Perhaps this outermost bright halo owes its origin simply to a contrast 
action also. It may be called Lonwn’s ring after its discoverer, to whom 
it appeared to be circular in form. 

Lorwe' discovered this ring by looking at a bright surface through 
a clear sea-green solution of chromium chloride. The ring appeared 
violet in comparison with the greenish ground surrounding the central 
darker halo, and so HarpINcrR compared it with an image of the iris 
surrounding the dark pupil. Harprincer showed that dichromatic 
means are not necessary for the production of the rings, and that they 
appear in the homogeneous blue of the prismatic spectrum, and also in 
mixed light with enough blue in it. In the latter case the differences 
of colour are different from the rest of the ground, depending on the 
quality of the colours admixed with the blue. This ring seems to appear 
with more distinctness to some eyes than to others; and in fact many 
eyes cannot see it at all. It is only with a certain medium brightness, 
about like that which is satisfactory for reading and writing, that the 
author can see it. By holding a blue glass in front of his eyes, and rest- 
ing them a while by closing the lids, and then looking through the glass 
at a white paper surface, he can see distinctly the non-vascular corona 
as a rhombic shadowy spot surrounded by a rhombic bright blue strip, 
which is Lorwe’s ring. With slightly more or less luminosity than this 


 Harpinerr in Poae. Ann.LXX. 403. LX XXVIII. 451.— Wiener Sitzwngsber. IX.240. 
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the ring looks smaller; and for any greater changes of luminosity all 
that the writer can see then is the dark non-vascular halo without a 
bright encircling border. 

The dark non-vascular halo is the most constant feature of the 
phenomenon. Its behaviour was first accurately investigated by 
MaxweE...! According to him, it always appears in blue, and not in 
other colours, when homogeneous light is used. Incidentally, it appears 
in mixed colours also, when they contain a great deal of blue; especially 
too in white, but faint. When the eye, after being rested, is turned 
towards a blue surface, it comes out, but soon vanishes again, more 
quickly in bright than in dim illumination. Maxwer.i recommends 
placing blue and yellow glass or blue and yellow paper in front of the 
eye alternately. The spot appears in blue, and disappears in yellow. 
The author observes it most beautifully on the evening sky when 
the first stars begin to appear, and after having been outdoors for 
some time, so that the eyes are sufficiently rested. Closing them 
for a moment and then opening them towards the sky, the observer - 
will see the non-vascular halo very distinctly for some time, often 
too the fovea centralis in its interior as a little brighter spot of 
pure blue, pretty sharply outlined. It is a singular thing here, as 
was noticed also by MaxwE LL, that the luminous impression in the cen- 
tral places of the retina develops into sensation a moment later than 
it does in the peripheral parts. To show this, MaxwELt caused a series 
of dark bands to pass in front of a blue field at a certain rate. However, 
it may be plainly seen by simply opening the eyes. The darkness of the 
closed eyes plainly vanishes from the periphery of the visual field 
towards the centre, and the last remnant of it lingers as the MaxwELL 
spot. With certain degrees of brightness, particularly with that of the 
sky mentioned above when the first stars become visible, the phe- 
nomenon when the eyes are opened is more complex still. ‘Thus while 
the darkness disappears from the periphery towards the centre in the 
manner described, we also see either the fovea centralis by itself or the 
entire MAxwELL spot flare up bright. Perhaps the bright flash precedes 
the dark phenomenon a little, but the time is so brief that they are 
apparently simultaneous, similar to what AUBERT noticed in after- 
images with illumination by electric sparks. 

Sometimes, when the fovea centralis appears very distinct, the 
writer can detect in the non-vascular halo faint patterns of lines like 
the contours of a flower with many petals (for example, a georgina or 
dahlia). Perhaps they are indications of the same pattern that comes 
out more plainly in intermittent light. 


1 Athendum. 1856. p. 1093.—Edinb. Journ. (2) IV. 337.—Inst. 1856. p. 424.—Rep. of 
British Association. 1856. II. 12. 


304 The Sensations of Vision (256, 257. 


Finally, the writer must mention also that often on getting up in the 
morning he has accidentally seen the MaxwELt spot, bright on a dark 
ground, in case the eye was first directed to a bright window with a 
broad luminous surface. So far he has not succeeded in eliciting the 
phenomenon deliberately. In this case it appears as a brilliantly bright 
circle of the size of the non-vascular halo, shaded off towards the edges 
and with indications of stellar design. This latter appearance suggests 
that when the eye is thoroughly rested and sensitive, the impression of 
light in the yellow spot persists longer than in the other parts of the 
retina; while, on the other hand, the action at the same place appears to 
begin later, as indicated by the phenomena obtained on opening the 
eye, which were described above. The reason why the highly pig- 
mented part of the yellow spot looks dark on a blue field, is apparently 
on account of the absorption of blue light by the yellow pigment. 
Precisely those parts are yellow here that are directly in front of the 
elements or cones which are peculiarly sensitive to light. Incidentally, 
the explanation of why the spot is but faintly outlined subjectively, 
and is very transient, is the same as that of the fugitive appearance 
of the vascular figures. But the occasional bright flaring up of the 
yellow spot on opening the eye cannot yet be explained. 


The phenomena as described thus far relate to unpolarised light. 
But if the eye is directed to a field emitting polarised light, Harp1ine- 
ER’s polarisation brushes appear at the point of fixation. For instance, 
they will be seen on looking through a Nicot prism at a well lighted 
sheet of white paper or at the surface of a bright cloud. The brushes 
are reproduced in Fig. 1, Plate III* as they appear when the plane of 
polarisation is vertical. The brighter spots bounded by the two 
branches of a hyperbola look bluish on a white field. On the other hand, 
the dark brush separating them, which is narrowest in the centre and 
broader towards its ends, is yellowish in colour. When the Nicou is 
turned, the polarisation pattern turns through the same angles. 
BREWSTER noticed that the dark brush is much narrower at its centre 
when it is horizontal (that is, parallel to the line between the two eyes) 
than when it is vertical, as shown in the illustration; and the writer 
has verified this observation.. Both Maxwé.u and the writer find that 
the surface covered by the polarisation pattern seems to be the same 


1 The condition under which Maxwett’s spot is produced and in general the entoptical 
perceptions in the macular zone have recently been very thoroughly investigated and de- 
scribed by GuLLsTRAND (GRAFEs Arch. f. Ophthalmol. LXII. 1905, 1; LX VI. 1907, 141) and 
by Dimmer (ibid. LXV. 1907, 486). A more detailed consideration of these investigations 
would lead us too far here. It may be simply stated that GuLLsTRAND considers the 
yellow colouring of the macula to be a post mortem appearance.—N. 

*Plate III faces page 384. 
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size as the non-vascular halo of the yellow spot. The edge of the fovea 
centralis about passes through the brightest part of the blue surfaces. 
BREWSTER estimates the diameter of the polarisation brushes as 
somewhat larger, namely 4°; and SILBERMANN gives 5°, the difference 
being perhaps due to the fact that they seem to be very much more 
distinct for some eyes than for others, and hence some persons per- 
ceive the faintest parts of the pattern to the farthest edge, while others 
do not. Thus, twelve years ago, immediately after HamtnceEr’s dis- 
covery, the author took the greatest pains to perceive these brushes and 
could not do it at all. Recently, when he tried it again, he saw them 
the moment he looked through the Nicou prism. The centre of the 
dark brush is much darker in his left eye than in the other eye. It may 
be that the variable colouring of the yellow spot is responsible for it. 
Incidentally, when they are visible, they always quickly disappear 
again, as is the case with every subjective phenomenon connected with 
a structure of the retina. Then they reappear again when the polariser 
is turned through a right angle. 

Individuals who perceive the brushes quite distinctly see them also 
in light that is only partially polarised, on brilliant surfaces, on the sky, 
etc.; and it enables them to tell equally well under any circumstances 
the direction of the plane of polarisation. However, Stokes showed 
that blue was the only one of the homogeneous colours that exhibited 
the polarisation brushes. In the less refrangible parts of the spectrum 
they do not show. In a blue field the bluish hyperbolic surfaces look 
bright, and the yellow brushes between them look dark, as, for ex- 
ample, in looking at a white surface through a strongly coloured blue 
glass in conjunction with the polariser. The writer fails to see the 
brushes, not merely in homogeneous green, yellow and red, but even 
in the mixed, tolerably saturated shades of these hues obtained with 
coloured glass. Consequently, even in white light the phenomenon 
depends on variations of the blue. At the place where the yellow 
brushes are there is no blue, and just for that reason they look yellow 
and darker. 

When light is polarised by refraction, reflection or double refraction, 
all the colours are always almost equally affected by the polarisation. 
It is only when coloured light is absorbed in double refraction that 
light of certain colours may be polarised, while light of other colours 
is not. The most familiar example of this sort is the absorption by 
tourmalin, which is so often used for polarising light. This property, 
by the way, is very common among coloured crystals that are double 
refracting. It may be produced by colouring them artificially, and it 
depends on the fact that sometimes the ordinary ray is more absorbed 
(as in tourmalin), and sometimes the extraordinary ray (as in titanium 
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dioxide and tin oxide). But most organic fibres and membranes are 
double refracting to a slight extent, both of them usually behaving 
like uniaxial crystals, with the axis in the fibres longitudinal, and in 
the membranes perpendicular to their surfaces. The phenomenon of 
the polarisation brushes may be explained by supposing that the 
yellow elements in the yellow spot are double refracting to a slight 
degree, and that the extraordinary ray of blue is more absorbed by 
them than the ordinary ray. 

If blue light polarised in any way passes through a mass of fibres 
of this sort along the direction of their axes, it will be much absorbed. 
But if it traverses them at right angles, it will not be strongly absorbed 
unless it is polarised parallel to the fibres; being only feebly absorbed 
when the plane of polarisation is perpendicular to the direction of 
the fibres. Now in the yellow spot the so-called radial fibres of 
H. Miuuer, which at other places of the retina are perpendicular to 
its surface, run diagonally, their posterior ends being nearer the fovea 
centralis.:_ In the fovea centralis the nuclear layers and the inter- 
mediate nuclear layer are either absent entirely or are anyhow very 
thin. On the other hand, in the region around the fovea centralis the 
inner nuclear layer and the intermediate nuclear layer are thicker than 
elsewhere. Something of the same sort is true with respect to the layer 
of ganglion cells, although even in the fovea centralis it is still three 
cells deep. Thus it seems as if the other elements belonging to the cones 
of the fovea centralis were heaped up in the region around this little 
pit and therefore the connecting fibres of nerves and tissue must 
run diagonally. At the edge of the fovea centralis, where the direc- 
tion of the fibres is mainly diagonal towards its centre, according to 
the above supposition, light would be more strongly absorbed where 
the fibres were parallel to the plane of polarisation. Thus if the latter 
is vertical, darker places will be formed above and below the fovea 
centralis, and brighter places to the right and left. Likewise, the 
places where the fibres are not oblique to the surface of the retina, 
that is, in the fovea centralis itself, and out towards the outer border 
of the yellow spot, would have to be darker. Now the phenomenon 
of the polarisation brushes actually does agree with these consequences. 

There are other opinions as to the origin of the polarisation brushes. 
One of these in particular, which was suggested by Ertacu and 
specially developed by Jamin, has met with much favour. Their idea 
was that the brushes might be produced by multiple refractions at the 
boundaries of the ocular media. As a matter of fact, light polarised 
vertically and entering the eye from above or below would be more 


1 BERGMANN in HENLE und Preurregr Zeitschr. fiir rat. Med. (2) V. 245, (3) IL. 83. — 
Max Scuuurze, Observationes de Retinae structura penitiort. Bonn 1859. p. 15. 


258, 259.) §25. Various Subjective Phenomena 307 


strongly reflected, and less of it would get through, than in the case of 
the same kind of light entering the eye from one side; and hence the 
upper and lower quadrants of the visual field would have to be a little 
darker than the right and left. But if polarisation by refraction were 
responsible for the effect, in the first place the brushes would have to 
appear almost equally distinct in all homogeneous colours, whereas 
they appear distinct only in blue. In the second place, they would 
have to increase in intensity continuously out towards the edges of the 
visual field. On the contrary, they are restricted to a very small central 
part. In the third place, their centre would have to be where the 
optical axis meets the retina, and not at the point of fixation, these 
two places being different always. Sroxres, BrewsTeR and MaxweELL 
have all pointed out the insufficiency of this explanation, and the two 
latter have noted that the extent of the brushes agrees with that of the 
yellow spot. Various other explanations, not clearly worked out how- 
ever, have been given by HAIpINGER and SILBERMANN. 

According to Harpincer’s description, there are also bright 
X-shaped lines in the blue field where Lonwe’s ring is seen, but as yet 
they have not been observed by anybody else. The writer cannot see 
them. 


1844. W. Haipincer, Uber das direkte Erkennen des polarisierten Lichts. PogGENDORFFS 
Ann. LXIII. 29. 

1846. Idem, Uber komplementare Farbeneindriicke bei Beobachtung der Lichtpolari- 
sationsbiischel. Poagernporrrs Ann. LXVII. 435. 

Idem, Beobachtung der Lichtpolarisationsbiischel in geradlinig polarisiertem Lichte. 
Poecenporrrs Ann. LXVIII. 73. 

Idem, Beobachtung der Lichtpolarisationsbiischel auf Flichen, welche das Licht 
in zwei senkrecht aufeinander stehenden Richtungen polarisieren. POGGENDORFFS 
Ann. LXVIII. 305. 

SILBERMANN, Essai d’explication des houppes ou aigrettes visibles a l’ceil nu dans 
la lumiére polarisée. C. R. XXIII. 624.—Inst. No. 665. p. 327. 

1847. v. Ervacu, Mikroskopische Beobachtungen iiber organische .Elementarteile bei 
polarisiertem Licht, in Miiuers Archiv fiir Anat. und Physiol. 1847. p. 313. 
Harpincer, Helle Andreaskreuzlinien in der Sehachse. Ber. d. Freunde der Natur- 
wiss. in Wien. II. 178.—Pocearnporrrs Ann. LXX. 403. 

BorzEenuanrt, Polarisationsbiischel am Quartz. Ber. d. Fr. d. N. W. in Wien I. 82. 
Idem, Sur une modification des houppes colorées de Haipincer. C. R. XXIV. 
44.—Inst. No. 680. p. 11—Pocacrnporrrs Ann. LXX. 399. 

1848. Jamin, Sur les houppes colorées de Harpinapr. C. R. XXVI. 197.—PoGcENDoRFFS 
Ann. LXXIV. 145.—Inst. No. 737. p. 53. 

1850. D. Brewster, On the polarizing structure of the eye. Smuiman’s J. (2) X. 394. 
Rep. of British Assoc. 1850. II. 5.—Wiener Ber. V. 442. 

G. G. Stokes on Harw1ncer’s brushes. Si~Liman’s J. (2) X. 394.—Rep. of British 

Assoc. 1850. II. 20. 

W. Harincer, Das Interferenzschachbrettmuster und die Farbe der Polarisations- 
. biischel. Wien. Ber. VII. 389.—Poacenvorrrs Ann. LXXXV. 350.—Cosmos. I. 

252, 454. 

1852. Idem, Die Lozwxschen Ringe eine Beugungserscheinung. Wien. Ber. 1X. 240-249. 
—Pocecrenvorrrs Ann. LXXXVIII. 451-461. 
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1854. W. Hawinerr, Dauer des Eindrucks der Polarisationsbiischel auf der Netzhaut. 
Wien. Ber. XII. 678-680.—PocernvorrFrs Ann. XCIII. 318-320. 

Idem, Beitrag zur Erklarung der Farben der Polarisationsbiischel durch Beu- 
gung. Wien. Ber. XII. 3-9.—Poacrnporrrs Ann. XCI. 291-601. 

Idem, Einige neuere Ansichten tiber die Natur der Polarisationsbischel. Ween. 
Ber. XII. 758-765.—Poaernporrrs Ann. XCVI. 314-322. 

Stoxgs, Uber das optische Schachbrettmuster. Wéien. Ber. XII.670-677.—PoccEn- 
porFrs Ann. XLVI. 305-313. 

1856. J.C. Maxwe.t, On the unequal sensibility of the foramen centrale to light of dif- 
ferent colours. Athen. 1856. p. 1093.—Edinb. Journ. (2) IV. 337.—Inst. 1856. p. 
444.—Rep. of Brit. Assoc. 1856. II. 12. 

1858. Powrr in Phil. Mag. (4) XVI. 69. 

1859. Brewster in C. Rk. XLVIII. 614. 


2. Bright mobile points appear in the field of view in looking steadily 
at a large uniformly illuminated surface like the sky or snow, especially 
during walking or other bodily exercise. At different places in the 
visual field little points leap up and run away quite rapidly in very 
different paths, which are generally not entirely straight. Then after 
little intervals new ones appear along the route one of them has blazed, 
and pursue the same path. PurkINJE noticed that in gazing at a 
luminous area of limited dimensions, a window say, every point on the 
side away from the centre of the visual field draws a little shadow after 
it. As they seem to keep to fixed paths, many observers (J. MULLER) 
have been disposed to regard them as having something to do with the 
circulation of the blood. But in the author’s opinion these phenomena 
are much too sporadic to be taken for blood corpuscles. Their paths 
also are too far apart from each other, and their movements are too 
rapid, to correspond to a capillary network. If their appearance 
really has anything to do with the circulation of the blood, the most 
we could say about it would be that single lymph corpuscles, perhaps 
containing much fat, floating through larger vascular stems, may be 
manifested in this way. This phenomenon, by the way, seems to be 
readily seen by most people.! 


1Tt is easy to recognize a connection between this phenomenon and the circulation of 
the blood, because in many persons the movement of the luminous corpuscles invariably 
shows a pulsating acceleration, and with all persons the movement can be easily retarded 
by a slight pressure on the foapor side of the eyeball and changed into a very distinct 
pulsating one. The little points are shoved forwards rhythmically with the pulse; with 
stronger pressure they move just a little with each beat of the pulse, and between times 
remain almost still. When the pressure is increased still more, the motion ceases, and at 
the very instant the images of the objects that are seen dissolve away. 

Roop (Sinuman’s Journ. (2)X XX. 264 and 385)noticed long ago that the movement 
of the little points can be seen particularly plainly by looking through a blue glass. If the. 
phenomenon is investigated when the field of view is illuminated by monochromatic light 
of various colours, it will be found that no trace of the corpuscles can be seen in red, yellow 
or green light and also in cyan-blue light; but that they are very plainly visible in indigo 
and violet light, and can be seen to a remarkable extent even in yellow-green light (between 
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Incidentally, the blood corpuscles are just large enough, if they 
were on the retina and did make an impression on it, to be recognized. 
On the average their diameter amounts to 0.0072 mm, and the size of 
the smallest perceptible distance is 0.005 mm (see §18). Various 
observers have also seen rows of advancing little globules and vaguer 
undulations and currents. The peculiar appearance of meandering 
currents, which occurs with intermittent light, and which is connected 
by Vierorpt with the circulation of blood in the choroid, has been 
alluded to above. Incidentally, something similar to this may be seen 
sometimes without intermittent light, by gazing at a bright surface, 
especially after the blood has been driven to the head by bending over. 
As soon as the retina is so far fatigued by the action of the light that 
the surface becomes dark, there appears, as it were, behind the vanish- 
ing bright surface a spotted reddish surface, with its spots sometimes 
in motion and sometimes still. SremsBacH and PurkINJE! have seen 
rows oi little flowing globules, especially when mild pressure is exerted 
on the eye. The latter saw them first by observing the dark accommo- 
dation pattern, which in his case consisted of a central white circle 
surrounded by a brownish halo without any definite border. Alongside 
the white circle on the right and left, he saw two vertical lines of light, 
with rows of tiny balls moving along them, down on the right and up 
on the left. So far the author has not seen anything like this. During 
congestion in the cranial region, or when he bent over and then sud- 
denly rose up, JOHANNES MiULunr? saw something that looked like 
black bodies with tails to them, jumping and flying about in the most 
manifold directions. He compared it with the creepy sensations in the 
tactile nerves. 

Sometimes, too, the writer has noticed a flicker on a wall roughly 
plastered with lime and very obliquely lighted by a small window, as of 
tiny objects in motion. The wall appears to be studded with a quan- 


570 and 560uu). These are precisely the kinds of light that are most strongly absorbed by 
hemaglobin, and in view of this fact there can hardly be any doubt about its being a question 
here of images of the red corpuscles. The comparatively small number of corpuscles visible 
at one time might be due to the fact that, in the first place, only those corpuscles in a 
perfectly definite plane of the retina (very close to the membrana limitans interna) are under 
favourable conditions for being seen, and, in the second place, even these are perhaps not 
easy to see unless they are oriented in a certain way in which they are particularly absorbent 
of light. Since the little points that move look bright, it might be supposed that this is due 
to spaces in the row of blood corpuscles that occupy a capillary. 

Generally, the foveal region always remains free from this circulation effect. On this 
subject, see G. Aprisporrr and W. Nagex, Uber die Wahrnehmung der Blutzirkulation 
in den Netzhautkapillaren. Zft. f. Psychol. u. Physiol. der Sinnesorgane, XXXIV. 291. 
1904.—N. 

1 Beobachtungen und Versuche. I. 127. 

2 Physiologie. II. 390. 
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tity of small black irregular points. But these might perhaps have 
been after-images of the small points flaring up from unavoidable 
little perturbations of the eye. 

Some other phenomena are described by PuRKINJE that are pro- 
duced by agitating the vascular system or by straining the eyes. His 
description reads!: “On a bright day when I have been out walking 
briskly for fifteen minutes or half an hour and then suddenly enter a 
dim room, or at least one very much darkened, a dull light waves and 
flickers in the field of vision, like the expiring flame of alcohol spilled on 
a horizontal surface, or like a place rubbed with phosphorus faintly 
flickering in the dark. On looking more closely, I notice that the 
flickering haze consists of innumerable extremely tiny luminous points 
moving amongst each other along various lines, piling up now here, now 
there, and forming vaguely bounded spots which are again torn asunder 
to be reassembled elsewhere. Each point leaves a trail of light behind 
it as it moves, and these trails form manifold intersecting nets and little 
stars. A large tract in the interior of the visual field teems with this 
sort of thing and interferes with distinct vision. The appearance is 
more like the swarming of the motes of sunbeams than anything else.”’ 

When he covered his right eye and looked at a bright surface with 
his weak farsighted eye, he got the same effect; and likewise when the 
pressure on his left eye was gradually increased more and more. The 
points appear more vivid with the eye open than with it closed, espec- 
ially when it is turned towards a distant place that is not entirely dark. 
Thus, external light is requisite for the effect. 

If he had been running or if he pressed on his eye or coughed 
violently, he would see pulsating spheres on the surface of the bright 
sky. There would be a pair of them on the right side of the visual field, 
a row of them below, and three on the left side. The point of fixation 
pulsated too; and there were grey bands also, partly circular vascular 
bands surrounding the point of fixation and partly radial bands.’ 


3. Figures, which become visible when the retina is uniformly illu- 
minated. PuRKINJE* noticed that when he gazed steadily at a large 
rather brilliant surface (for instance, at a uniformly clouded sky 
or at a candle flame close by), in a few seconds luminous points kept 
on leaping up in the middle of the visual field; which without having 
changed their position quickly disappeared again, leaving black 
points behind, which likewise quickly vanished. If, while the luminous 


1 Beobachtungen und Versuche I. 63. 

2 See footnote on page 8 of this volume.—N. 
3 Beobachtungen und Versuche. I. 134. 

4 Ibid. 1. 67. 
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points were leaping out, he turned his eye towards a very dark place, 
or closed it, the phenomenon proceeded in the same manner, only 
in a diminished light; as if the points had been simply kindled by 
the preliminary gazing and then glowed by themselves alone. The 
writer likewise has frequently seen luminous points of this sort by 
accident, which could not be after-images, because there were no 
corresponding small bright objects in the field of vision, and which 
left dark after-images behind them. Usually, however, there was only 
one at a time, and rarely a repetition of it. 

Here too we must mention PurKINJn’s figure of the spider web,! 
consisting of luminous reddish lines on a red ground, imitating the web 
of the garden spider, sometimes more simply, sometimes in a more 
complex way. In order to make the figure come out well, PURKINJE 
laid down in such a position that the rays of the rising sun were bound 
to fall on his eyelids. On waking, he saw the figure behind the closed 
lids. 

PuRKINJE’s work generally is exceedingly full of subjective observa- 
tions of a similar kind, and will be for a long time still a rich mine for 
work in this region. But many of the phenomena which he describes 
have not been verified by other observers; and concerning them there is 
for the time being a question as to whether they were not due to in- 
dividual peculiarities of his organ of vision.? 


Note by W. Nagel 


The appearance of flicker or flare, which occurs particularly in the 
dark visual field, and the causes of which are unknown, also deserves to 
be mentioned. The flicker observed in pathological conditions, which 
lasts from a quarter to a half hour and which is accompanied or 
followed by headaches of the nature of migraine, is best known. The 
flicker is an alternation between bright and dark sensation, and spreads 
during the attack over constantly increasing areas of the visual field. 
At the same time these areas become wholly or partially insensitive to 
external light stimuli (so-called flicker scotoma). Closely related 
qualitatively to this flicker phenomenon is a physiological one, which 
can occur in perfectly normal conditions, and which in the case of many 
observers, including the writer, occurs very frequently without any 
special conditions to account for it. The writer notices it only in the 
dark, generally when there is, or has been, some slight pressure on the 
eye, but also without such pressure. The frequency of the intermission 


1Tbid. II. 87. 
2 See also the phenomena in No. XXII of the first volume, and in Nos. IV, V, XV of 
the second volume of his observations and experiments. 
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appears to be very regular, probably just as in pathological flicker 
scotoma, about 10 to 15 oscillations per second, according to the 
writer’s estimate. However, though the pathological flicker phenom- 
enon usually continues a long time in a uniform way, the physiological 
type invariably occurs periodically in the writer’s experience; being 
perceptible for one or two seconds, rising in intensity during this time 
and then falling off again. This is succeeded by a pause from three to 
five times as long without any flicker, after which the process is re- 
peated. 

As to the causes of this phenomenon, as also of the flicker in 
migraine, positive opinions can hardly be ventured at present.—N. 


Appendix by W. Nagel. 


Adaptation, Twilight Vision, and the Duplicity 
Theory.! 


A. The Adaptation of the Eye for Different Intensities of Light. 


1. Dark Adaptation 

What is meant by the adaptation of the eye? is an adjustment of the 
degree of sensitivity of the retina for different intensities of illumina- 
tion. By virtue of this capacity, the eye is enabled to goon seeing in 
very dim light, and, on the other hand, to bear the brightness of the 
sunshine on a summer day without being blinded by it or harmed. 
When little or no light falls on the retina, thanks to the process of 
adaptation, its sensitivity becomes far and away higher, as compared 
with the stimulus, than that of an eye that has been gazing for a long 
time at a bright surface, like the daylight sky for instance. This change 
which takes place with complete, or almost complete, exclusion of light 
is called the dark adaptation of the eye. The reverse process of becoming 
accustomed to bright light is called light adaptation. However, these 
terms are employed also to describe the states of the eye resulting from 
long-continued darkness in one case and from long-continued exposure 
to bright light in the other case. Experiment shows, as might have been 
inferred in advance, that the change is a limited one, and reaches a 
fairly stationary stage after a certain time.* When outside light is shut 
out entirely, the sensitivity of the eye increases for several hours; 
whereas the reverse process of light adaptation by exposure to bright 
light is completely accomplished in a few minutes. These changes and 
the limitations of the capacity of adaptation will be treated more in 
detail presently. 

1 {In connection with the subjects treated in this Appendix, the following comparatively 
recent works may be consulted: W. pp W. ABney, Researches in colour vision. 1913; and 
J. H. Parsons, An introduction to the study of colour vision. 1915. See also: L. T. TROLAND, 
The progress of visual science in 1920. Amer. Journ. Physiol. Optics II. 1921, 316-391. 
Idem, Brilliance and chroma in relation to zone theories of vision. Jour. Opt. Soc. Amer. 
VI. 1922, 3-26. —Idem, The present status of visual science, Bull. Nat. Research Counc. 
V. (part 2), 1922, 1-120. — Report of committee on colorimetry for 1920-21. Jour. Opt. 
Soc. Amer. etc. VI. 1922, 527-596. (H.L.) 

2 For literature prior to 1902, consult A. TscHerMAK, Die Hell-Dunkeladaptation des 
Auges, usw.; Ergebnisse der Physiologie. I. 2, 8. 695. 1902. 

8 {The terms photopia and scotopia are also convenient for describing the states of light 


adaptation and dark adaptation, respectively. Thus also we may speak of the photopic 
eye or the scotopic eye. (J. P. C. S.) 
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Undoubtedly, it would be taking a rather one-sided view to estimate the 
state of adaptation of an eye merely by the threshold stimulus at the moment, 
that is, by the minimum effectual intensity of stimulus; because it is by no 
means certain in advance that the sensitivity to stimuli that are appreciably 
above threshold value must always proceed parallel to “threshold sensitivity.” 
In other words, it is doubtful, for example, whether we have the right to sup- 
pose that in the case of an eye A, whose threshold stimulus is a hundred times 
lower than that of another eye B, a definite ‘‘super-liminal”’ intensity of light 
must be reduced to a hundredth of its value in order that A and B shall have 
equal sensations of subjective brightness. Such comparisons are of course 
only possible between the two eyes of the same observer, and for this very 
reason cannot be made very precisely. Moreover, the moment a stimulus 
appreciably above threshold value acts on the retina, its state of adaptation 
is changed extraordinarily quickly; and therefore, such comparisons between 
the sensitivity of two eyes can be made only at one instant. Under such 
circumstances, the agreement may be considered sufficiently accurate when 
the sensitivity measured for threshold values and the susceptibility to stimu- 
lation as determined binocularly for greater than threshold vaiues turn out 
to be of the same order of magnitude. Now according to the writer’s obser- 
vations, this is always the case; and his impression is that the values of the 
sensitivity as determined by the two methods will be found to be more and 
more nearly in agreement, the more pains are taken to avoid the sources of 
error above mentioned; and that consequently also the determination of the 
state of adaptation by the threshold values is justifiable. 


The first systematic investigations of dark-adaptation were made 
by H. AusBert,! who likewise proposed the word “adaptation”. He 
took the trouble of determining the threshold stimulus of the organ of 
vision after it had been kept in darkness for various lengths of time. 
After coming into the dark room, where the experiments were con- 
ducted, the threshold was found to be lower. The reciprocals of the 
threshold values afforded a measure of the degree of sensitivity of the 
eye for the time being, which could be exhibited in the form of a curve, 
where the abscissae denoted the number of minutes spent in darkness 
and the ordinates the corresponding values of the sensitivity. Many 
such curves showing the process of dark adaptation have been pub- 
lished since the time of AuBERT. His method of making the measure- 
ments was to send a current of electricity from a constant cell through a 
platinum wire until its glow was just visible in the dark room. The 
length of wire traversed by the current could be varied, and the longer 
it was, the fainter it shone. In a few minutes after entering the dark 
room, AUBERT found a rapid rise of sensitivity to light, and that the 
sensitivity continued to increase more slowly thereafter on remaining 
longer in the dark. After two hours in darkness the sensitivity had 
increased to about 35 times its original value according to AUBERT’s 
calculation. 

1 Physiologie der Netzhaut. Breslau 1865. Among older works on adaptation the fol- 
lowing are important still: CaArpentieR, Expériences sur la marche de Vadaptation ré- 


tinienne. Archives d’ophtal. VI. 1887. Trerrex, Uber das Verhalten der normalen Adapta- 
tion. v. GRAEFE’s Arch. f. Ophthalm. 1887. 
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More recent investigations indicate a much greater increase of the 
sensitivity. In these determinations of relative values of sensitivity, 
naturally, much depends on the conditions under which the observa- 
tions are made, and above all on the starting point of the series of 
determinations, that is, on the state of adaptation of the observer’s 
eye when the dark room is entered. Apparently, AUBERT began his 
experiments with his eye in a medium state of adaptation, but we do 
not know definitely what it 
was. But for other reasons, 
which will be apparent later, 
the results obtained by his 
method of measuring sensi- 
tivity could not be of gen- 
eral value. 

Oculists usually de- 
termine the capacity of an eye for adaptation by means of an instru- 
ment designed by ForrstTer,! called a photometer or photoptometer. 
It consists of a wooden box blackened on the inside, with two apertures 
on one side where the patient puts his eyes. On the opposite interior 
wall there is a white sheet of paper with broad black bands or other 


Fig. 57. 


Fig. 58. 
figures on it. This is the object to be observed. It is illuminated by 
a little window 5 cm square, in the same side of the box where the 
eye-holes are. The window is closed with translucent white paper or 
milk-glass; and on the outside there is a little lantern with a candle in 


1R. Forrster, Uber Hemeralopie und die Anwendung eines Photometers in der Ophthal- 
mologie. Breslau 1875. 
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it which shines on the window. The amount of light from the window 
that falls on the object is regulated by a square diaphragm, as repre- 
sented in Fig. 57. The size of the opening in square millimetres can be 
read off on a scale. 

A normal eye, which has been previously dark-adapted from 15 to 
20 minutes, with an aperture of 2 square millimetres, can distinguish 
the bright from the dark parts of the object on the back of the box. 
However, in this case 
the assumption is that 
the eye was not com- 
pletely light-adapted 
before the dark adapta- 
tion was begun, but 
that it was in the me- 
dium state of adapta- 
tion such as exists in a 
moderately bright 
room. 

In ForrsteEr’s in- 
strument, the amount 
of variation in the size 
of the diaphragm is far 
too little for measuring 
the threshold value of 
the eye for each state 
of adaptation. Thus, 
while the apparatus is 
well suited for ophthal- 
mological practice and 
for finding gross irregu- 
larities in the power of 
adaptation, it is not de- 
signed for more accu- 

Fig. 59. rate measurements. 
For such purposes 
the writer devised an apparatus called an adaptometer.. Its con- 
struction is shown in Figs. 58 and 59. 

On the front side of a wooden box 80 cm long there is a milk- 
glass plate m; which acts as object. The source of light is situ- 
ated on the opposite side. It consists of three incandescent lamps 
each equivalent to 25 candles. A bright blue glass plate is inter- 
posed in the path of the light to make the lamp light as pure white 


1W. Nacgt, Zwei Apparate fir die augeniarztliche Funktionspriifung usw. Zeitschr. f. 
Augenheilk. XVII. 1907. 
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as possible. There are two contrivances for reducing the inten- 
sity of the light. Just in front of the lamps three plates are inserted, 
made of metal and provided with holes of such size that each of the 
dises reduces the amount of light falling on it by one twentieth. Thus 
with two screens the intensity is diminished to 1/400; and with all 
three to 1/8000. Moreover, in the middle of the box there is a square 
diaphragm as in ForrstTeR’s instrument (see Fig. 57), which is intended 
for finer adjustments of the degree of intensity of light. It has amilk- 
glass plate behind it, and its size can be varied from 1 square millimetre 
to 10000. Thus the intensity of light falling on the front side of the 


milk-glass plate can be diminished from its maximum to —— - u * 
8000 10000 
1 ; 1 
———— and the int f yo 3 
30000000 an e interval from 1 to 3000000 can be evaluated with 


sufficient accuracy. 

A similar apparatus has been described by H. Pirer!. By means 
of contrivances of this kind the complete course of dark adaptation can 
be followed. If comparisons are to be made of the powers of adaptation 
of different individuals with healthy eyes, and eventually with diseased 
eyes also, so as to study the process of adaptation under different 
conditions, it is a good plan to use a definite and constant size of field, 
because, as will be seen, the threshold stimulus is dependent on the size 
of the retinal area stimulated. The writer has chosen for this purpose 
a circular field of 10°. The way this is obtained is by putting a circular 
diaphragm 10 cm in diameter in front of the milk-glass plate of the 
adaptometer, and piacing the eye 57 cm away from the apparatus. 
This is a convenient distance because the observer can then reach the 
handle of the instrument and adjust the intensity of the light for 
himself. If the problem is simply to determine the threshold for a 
particular degree of adaptation, the gaze ought not to be fixed, but the 
eye should be allowed to roam about in the field, so that the image of 
the disc of the adaptometer falls on various portions of the retina in 
succession. On the other hand, if the object of the experiment is to test 
the sensitivity of a particular part of the retina, a fixation mark is 
provided for the eye in the form of a little dark red point. If this mark 
emits a pure red light, it is more easily seen in the fovea centralis than 
in the peripheral parts of the retina, and hence the gaze is attracted by 
it. A contrivance designed for this purpose has been described by the 
writer elsewhere. 

To reach the threshold of the light sense when the eye is in a good 
state of light adaptation, it is necessary to get fairly close to the 


1H. Prerr, Zur messenden Untersuchung und zur Theorie der Hell-Dunkeladaptation. 
Klin. Monatsbl. f. Augenheilk. XLV. 357. 1907. 
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highest intensity of light that this apparatus will afford. All three of 
the screen plates must be removed. 

To bring about such a state of “good light adaptation”’, all that is 
necessary is to stay outdoors 20 or 30 minutes on a bright sunny day, 
looking mainly at bright objects that are, however, not particularly 
dazzling. After such preparation the threshold stimulus for the 
majority of eyes is practically the same. It amounts approximately to 
an intensity of illumination on the adaptometer dise equal to one 
metre-candle; in other words, a white surface subtending an angle of 
10° will just be visible when it is illuminated by a standard candle at a 
distance of one metre. 

In order to compare the sensitivity in the state of dark adaptation 
with this, the observer retires to a perfectly dark room and stays there 
for an hour, or his eyes are tightly blindfolded for that length of time. 
For eyes thus dark-adapted an illumination of one metre-candle is 
dazzlingly bright. To find the threshold value, the illumination must 
be diminished to between fifty and one hundred and fifty thousandths. 
In other words the sensitivity to light has been increased anywhere 
from fifty to a hundred and fifty thousand times. The increase of 
sensitivity after dark adaptation for one hour in the case of an eye that 
was previously in a state of ‘“‘good light adaptation’? may be called 
the “amplitude of adaptation’ of the eye in question. Its numerical 
value is the difference between the threshold of the light-adapted eye 
and that of the dark-adapted eye. As a matter of fact, dark adaptation 
takes longer than an hour to be complete, as was shown by AUBERT; 
and as has been confirmed many times by tests made by Pirer and the 
writer. After dark adaptation of both eyes for eight hours, PirER} 
obtained twice as high a value of the sensitivity to light as he got after 
dark adaptation for one hour. The writer has kept one eye closed for 
sixteen hours, without being able to decide whether the limit of the 
process of dark adaptation was reached. Still by the end of the second 
hour further increase of sensitivity is very slight. In the experiment 
just mentioned, the monocular amplitude of adaptation amounted 
to 270,000. 

When the weather is not very bright, the degree of light adaptation 
is not generally reached for which the threshold is one metre-candle. 
Moreover, it takes a good deal of preparation and practice to make 
very quickly the first measurement of sensitivity after going from the 
bright region to the dark. When the day is a little cloudy, even after 
being outdoors, the sensitivity is found to be from ten to twenty times 
higher than it is with complete light adaptation. If the state of light 


1H. Preer, Uber Dunkeladaptation. Zeitschr. f. Psychol. u. Physiol. der Sinnesorgane. 
XXXI. 1903. 161-214. 
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adaptation attained in cloudy daylight is compared with the value of 
the sensitivity after dark adaptation for one hour, the latter is found to 
be only between three and eight thousand times more. If the experi- 
ment is started with the state of adaptation that is reached after being 
in a room a long time in daylight, the sensitivity is found to be one 
thousandth of that in case of dark adaptation for one hour. Even on 
sunshiny days, complete light adaptation is not developed indoors at 
longest, but the sensi- 
tivity is about one or Sensitivity 
two hundred times 
more than that of an _— 290000 
eye adapted to the 
brightness outdoors. 
In pathological cases, 
in what is known as 
night blindness or heme- 
ralopia, which isasymp- 
tom of many eye dis- 
eases, the amplitude of 
adaptation is very con- 100000 
siderably diminished. 
MEssM_ER,! who inves- 
tigated a number of 
patients afflicted with 


150000 


night blindness, meas- 50000 

ured amplitudes of 4000 

adaptation with the 30000 

adaptometer which 20000 

were as low as 125, 25, 10000 

and even 14. In slight GurtiOn oe Or Udo 40MIN G0m) 60 7 
cases he found values Fig. 60. | 


of 1250 and 1666; 
whereas for normal observers the amplitudes were between 3332 and 
10415. Similar results were obtained by HerricusporrF and others.’ 


It should be particularly noted that these measurements of sensitivity to 
light are for eyes showing normal pupil reaetion. In order to compare the 
values of light adaptation with those obtained after long dark adaptation, 
to be really accurate, the diameter of the pupil in each measurement must be 
known; otherwise, the actual retinal sensitivity under the different conditions 
cannot be compared. However, since all the measurements, including those 


1 Messmur, Uber die Dunkeladaptation bei Hemeralopie. Zeitschr. f. Sinnesphysiol. 
XLII. 83. 1907. 

29F. Best, Uber Nachblindheit. Arch. f. Ophthalm. XCVII. 1916, 168-197. — 
W. vz W. Apney, Two cases of congenital night blindness. Proc. Roy. Soc., 90 B. 1917. 
69-74. (H.L.) 
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made after light adaptation, are carried out in a dark room, the size of the 
pupil is of less influence than it would be under different conditions. The 
pupil always takes a certain time after being in the dark to reach the 
equilibrium condition corresponding to the lack of light, but this had prac- 
tically been reached already before the measurements here described were 
made. 


With the aid of the adaptometer or some similar instrument, the 
progress of dark adaptation through its various phases may be more 
accurately followed, by determining the threshold value at regular 
intervals, say, every five minutes, after entering the dark room. The 
results obtained by plotting the reciprocals of these values as ordi- 
nates and the numbers of minutes spent in darkness as abscissae, will 
be “adaptation curves” similar to those constructed by AUBERT 
and other investigators. An example of the typical progress of dark 
adaptation in a normal eye is -given in Table I; and the results 
are exhibited graphically in Fig. 60. As a matter of fact, on account 
of the wide range of variation of the sensitivity, the ordinates have to 
be represented on an enormous scale, in order to get a true picture. 


Table I 


Increase of Sensitivity in the Dark 


Values of the Sensitivity 
: : (1 unit sensitivity being that for 
Minutes in Darkness which the intensity oe metre- 
candle is the threshold) 
0.5 20 
4 75 
9 1850 
14 10400 
19 26000 
23 69500 
26 94700 
31 174000 
39 195000 
51 208000 
61 215000 


The steepest part of the curve is comprised between the 19th and 
31st minutes, the ascent being more gradual thereafter. This is typical 
of the normal curve of adaptation, the ordinates indicating the absolute 
degree of sensitivity at the time. 

It is not without interest to consider the same process in another 
way, by exhibiting the relative increase of sensitivity. The table shows 
that between the 4th and 9th minutes the sensitivity is increased about 
25-fold; whereas in the same length of time, between the 9th and 14th 
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minutes, the increase is not more than 5.6-fold, and in the twelve 
minutes between the 19th and 31st minutes the increase is 6.7-fold. 
By plotting the logarithms of the values of the sensitivity as 
ordinates the rela- 

tive increase in this 600 
sense will be ex- 
hibited. A defi- 
nite increase in 
the height of the 
ordinate of the 
curve will mean a 
rise of sensitivity 
in a definite ratio 
(that is, its multi- 
plication by a 
certain coeffi- 
cient), and the 
steepest parts of 100 
the curve will be at 

those times when 


> 
S 
Sy 


Logarithm of the Sensitivity 
8 iS 
Ss 


the relative in- a 70 20 30 40 50 60 
crease of sensitivity Minutes 
to light was most Fig. 61. 


rapid. In this way 

curves like that shown in Fig. 61 will be obtained. It is steeper at the 
beginning of the hour of dark adaptation than it is in the middle. It 
is usually steepest between the second and eighth minutes, just where 
the curve in Fig. 60 is almost horizontal. 

Comparing the adaptation of a large number of persons with normal 
eyes, we shall find that it proceeds very much the same way in all of 
them, the only variation being in the final limit attained. But in those 
diseases of the eye, where night blindness occurs (see p. 319), the 
sensitivity at the end of an hour is not only apt to be much less than in 
the case of the normal eye, but the form of the curve of adaptation may 
be abnormal also. It is very common to find an unusually flat stretch of 
curve for the first quarter of an hour, that is, a retarded increase; 
although at the end of the hour the final sensitivity may be similar to 
the normal. Such persons are much annoyed by not being able to get 
accustomed to the change from a bright to a dimly lighted chamber as 
quickly as normal individuals can do. At first they see practically 
nothing. In the more severe cases the sensitivity increases but little 
in the course of hours, and naturally such individuals are still more 
helpless in twilight. 
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For further information concerning adaptation in pathological 
cases, the reader may consult the works of Hernricusporrr', Mrss- 
MER”, LOHMAN®, and Horn.‘ 

According to the investigations of PreEr (loc. cit.) and WOLFFLIN’, 
there is no particular connection between the amplitude of adaptation 
or the course of adaptation and the time of life. Moreover, TscHER- 
MAK’s statement®, that special characteristics of dark adaptation are 
peculiar to different types of colour vision, has not been confirmed. 
The fact is rather that the capacity for adaptation has nothing to do 
with the type of colour system; and in this respect both normal and 
anomalous trichromats do not differ from the partially colour-blind 
(dichromats). Even the so-called achromats, or totally colour-blind, 
are not abnormal in this matter. In the case of a totally colour-blind 
girl, May’ and the writer found the amplitude of adaptation below the 
average, but still within normal limits (around 5000). 

Among other agencies that may modify the course of dark adapta- 
tion, the action of the nerve poisons, strychnin and brucin, should be 
mentioned. Injected under the skin, both of these poisons, according 
to the experiments of DresrR® and WOLFFLIN’, produce a distinct in- 
crease of one-fifth or one-fourth in the amplitude of adaptation. The 
rate of adaptation appeared to be increased also. WOLFFLIN used doses 
of between two and five thousandths of a gramme of strychnin, and two 
hundredths of a gramme of brucin. FILEHNE! claims that santonin 
tends to retard adaptation; but this is a mistake, as has been shown by 
Knies" and WOo.LFrFLIN (loc. cit.).. In conjunction with VAUGHAN”, the 

1 Heinricusporrr, Die Stérungen der Adaptation und des Gesichtsfeldes bei Hemera- 


lopie. Granres Arch. f. Ophthalm. CX. 405. 1905. 

2 Messmer, Uber die Dunkeladaptation bei Hemeralopie. Zeitschr. f. Sinnephysiol. 
XLII. 83. 1907. 

3 Loumann, Untersuchungen iiber die Adaptation usw. Habilitationsschrift. MtNcHEn 
und Graxres Archiv f. Ophthalm. 65, 1907. 

4 Horn, Uber Dunkeladaptation bei Augenhintergrundserkrankungen. Dissertation, 
Tibingen 1907. 

5 Wourr.in, Der Einfluss des Lebensalters auf den Lichtsinn bei dunkeladaptiertem 
Auge. Graeres Arch. f. Ophthalm. 61, 524. 1905. 

6 TscueRMAK, Uber physiologische und pathologische Anpassung des Auges. Leipzig 
(VzeIT u. Co, 1900); also: Ergebnisse der Physiologie. 1. 2. S. 700. 1902. 

7 May, Ein Fall totaler Farbenblindheit. Zeitschr. f. Sinnesphysiol. XLII. 69. 1907. 

8 Dresser, Uber die Beeinflussung des Lichtsinns durch Strychnin. Arch. f. exp. Pathol. 
u. Pharm. XXXII. 

° Wourriin, Uber die Beeinflussung der Dunkeladaptation durch kiinstliche Mittel; 
Graeres Arch. fiir Ophthalm. 65.302.1907. See alsoSincer, Brucin und seine Einwirkung 
auf das normale Auge. Ibid., 50. 

10 FIneHNE, Uber die Wirkung des Santonins usw. Pruticers Arch. f. d. ges. Physiol. 
LXXX. 96. 1900. 

1M. Knies, Uber die Farbenstérung durch Santonin. Arch. f. Augenheilk. XX XVII. 

2 C, L. Vaucuan, Einige Bemerkungen tiber die Wirkung des Santonins auf die Farben- 
empfindungen. Zeitschr. f. Sinnesphysiol. XLI. 399. 1906. 
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writer has made a large number of experiments with santonin poison- 
ing, large doses and small doses, without discovering any effect what- 
ever so far as adaptation is concerned. 

In an indirect way the mydriatics have an effect. For example, 
when the pupil is dilated by atropin, abnormally large amounts of light 
can enter the eye and produce a state of blindness or glare. The writer 
has occasionally exposed one of his eyes, with the pupil dilated, for 
about a half hour to the glare of the sun in the street, and then found 
that adaptation was much retarded. The first ar flat part of the sensi- 
tivity curve, as seen in PipER’s curves (also in the curve shown in 
Fig. 60), extends over 20 minutes, instead of from 8 to 10 minutes. 
Thereafter the sensitivity increased rapidly and reached its normal 
value in from 70 to 80 minutes. 

AUBERT noticed that the progress of dark adaptation was not only 
not impeded by flashes of light considerably above the threshold 
intensity, but that, in fact, it was aided in some measure. This observa- 
tion has since been confirmed many times in the writer’s laboratory. 
That the instantaneous light of a match reflected from dark walls into 
the observer’s eye lowers the threshold of the light sense considerably, 
as much perhaps as one-third, can easily be verified. This effect does 
not wear off for several minutes. It is particularly distinct when the 
observer has reached a practically stationary condition of adaptation 
after having been in the dark for an hour. 

In peculiar contrast to this, is the fact that after being in the dark 
for a very long time, a sensitivity is attained which is diminished by 
stimuli that are close to threshold value. For example, the above 
mentioned maximum sensitivity attained by the eye after 16 hours of 
darkness, in which an illumination of 1/270,000 metre-candle on the 
adaptometer field was found to be the threshold value, is merely 
transitory. A few observations in which the eye was exposed to 
stimuli not more than three times as strong as the liminal value sufficed 
to lower the sensitivity to about one-half. The writer, having repeated- 
ly made similar observations, can state that the increase of sensitivity 
which takes place after an hour in darkness is of a much more transient 
nature than that which occurs during the first hour. 

It has never been certainly demonstrated that the state of adapta- 
tion of one eye has any influence on that of the other. The dark adapta- 
tion in each eye seems to be independent. It may be that occasionally 
with just one eye dark-adapted one gets the impression of not attaining 
the same degree of sensitivity in monocular observation as when both 
eyes are dark-adapted; but this is partly due to subjective luminous 
appearances that are apt to occur when the state of adaptation is not 
the same in both eyes. It may be partly due also to the fact that it is 
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more difficult than one might suppose to bandage an eye so tightly 
that not a glimmer of light can be detected after long adaptation. In 
investigations of this nature, it must be remembered that in the dark- 
adapted state, the threshold stimulus for monocular vision is found to 
be higher than for binocular vision (see below, page 339). 

So far as the final degree of sensitivity is concerned, it is of no 
importance whether the eyes are free during dark adaptation or 
whether they are under more or less pressure from being bandaged.? 
Even the passage of an electric current through the eye was found by 
the writer and his assistants to have no effect on the threshold stimulus 
for light. Accordingly, it has not been shown that there is any change of 
excitability of an electrotonic nature.’ 


2. Light Adaptation 


The decrease of sensitivity to light connected with the process of 
light adaptation cannot be so conveniently followed over a long interval 
as the reverse process, because precise sensitivity determinations can 
only be made by threshold methods and ina dark room. A quantitative 
investigation of the decrease of sensitivity in light adaptation can 
therefore only be carried out, by first finding the threshold value after 
being in the dark for a long time, then exposing the eye to a brighter 
light for a definite time, then suddenly cutting off this light adaptation, 
darkening the room again, and quickly making another threshold 
measurement, before the dark adaptation has had time to be appreci- 
able. In this manner it has been possible to determine how much the 
sensitivity to light is lowered by a definite intensity of illumination of 
known duration. W. LoHmMann? has taken no little trouble to make a 
large number of measurements of this sort. He varied systematically 
the intensity of the light that was used in the light adaptation, and also 
the duration of the exposure of the eye. LoHMANN performed the 
experiment above described, first, with a light adaptation lasting for 
one minute; then, after re-inducing the state of dark adaptation, he 
used light adaptations of 2 minutes, 3 minutes, 6 minutes, etc. In this 
way he got an idea of the behaviour of the process of light adaptation 
with a given intensity of illumination. The starting point of his 
experiments was invariably a state of dark adaptation produced by 


1 Nacet, Einige Beobachtungen tiber die Wirkung des Druckes und des galvanischen | 
Stromes auf das dunkeladaptierte Auge. Zeitschr. f. Psychol. und Physiol. d. Sinnesorgane. 
XXXIV. 285. 1904. 

?qSeeS.Hucur. The dark adaptation of the human eye. Jour. Gen. Physiol. II. 192Ce 
499. 517; also, The Nature of foveal dark adaptation. Ibid. IV. 1921. 113-141. (A. L.) 

3W. Loumann, Uber Helladaptation. Zeitschr. f. Sinnesphysiol. XLI.290 1906. 
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being in the dark for 45 minutes. Adaptation in broad daylight pro- 
ceeds with extraordinary rapidity, as has been stated, and probably 
may be completed at the end of a minute under some circumstances. 
And so LoHMANN generally used moderate intensities, by which the 
process could be followed more closely. In observations of this kind 
it must be kept in mind that after extinguishing the light used for light 
adaptation, the sensitivity begins to rise again immediately, faster, 
indeed, in proportion as the light adaptation was more moderate. 
Consequently, the threshold determination must be made as quickly as 
possible after extinguishing the light. But it must not be done too 
quickly, because during the first few seconds in the dark observation 
is extremely difficult on account of successive after-images. 

For these reasons those measurements of LoHMANN’s are mentioned 
first in which the threshold determination was made 10 seconds after 
extinguishing the light. As a matter of fact, the sensitivity will have 
increased a little in this time, to a different extent also for different 
periods of light adaptation. But this is an error that can hardly be 
avoided. Incidentally, it does not diminish the value of LoHMANN’s 
results. The difficulty of the task compels us here to put up with 
approximate determinations. 


Table II 


Decrease of Sensitivity to Light during Light Adaptation under different degrees of 
Illumination and for different durations of Light Adaptation. 


Intensity of illumina- Duration of Light Adaptation 
tion of the white sur- 
face at which the sub-| 14 min. | 24 min.| 1 min. | 2 min. | 3 min. | 6 min. | 10 min. 
ject gazes for being 
light-adapted Sensitivity Value 

5 metre-candles..... 23000 17500 10400 8130 5200 3470 3000 
25 metre-candles..... 9950 7440 5200 3360 2740 2040 1450 
50 metre-candles..... 5800 3700 3250 2600 2038 1600 1130 
moderate daylight... 435 230 200 115 87 48 40 


Table II is based on LonMann’s results. Instead of using his 
threshold value, the sensitivity values here have been reduced to unit 
sensitivity (threshold at one metre-candle). The results are exhi- 
bited in Fig. 62 in the form of a curve. We see how the sensi- 
tivity falls off abruptly during the first minute. When the adap- 
tation is for diffusely reflected daylight, the sensitivity is enormously 
reduced in 20 seconds. The ordinate which would indicate the 
degree of sensitivity before beginning the light adaptation would 
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have to be about five times as high as the tallest ordinate of the 
curves shown in the diagram. 


Ug 
Fy ee ed | aed 


After the first precipitous 
drop, the descent of the curve 
becomes much more gradual. 


on eT TT ELT [| Light adaptation therefore 
prone continues beyond the first two 
19000 minutes, but very slowly. But 
3000 for all that, even in adaptation 
12000 to daylight, the lowering of 
= 1000 sensitivity can be traced for 
Bi gnee at least ten minutes. From 
Z ‘9006 the experiences of daily life 
ne it would be natural to sup- 
S 8000 . 
3 i I pose that, especially under 
3 HV the action of light of low in- 
3 brood | | tensity, the sensitivity would 
$ see. quickly reach a definite level, 


as would be indicated by 


Na IN 
5000 <CN horizontal procedure of the 
2000 ay) === curve. But, as LOHMANN’S 
| are == is 1 3 
1000 fale fe clear eatan eaate tests show, this is not so. For 


Saas Sate illuminations of 25 and 50 

pcautes metre-candles, LOHMANN con- 
tinued the experiments far- 
ther still. The results are 
given in Table III, the sensitivities being referred to unit sensitivity, 
as in the preceding table. 


Fig. 62. 


Table III 


Decrease of Sensitivity for long-continued Light Adaptation 


Duration of Light | 

‘Adaptationdn minutes 10 | 15 | 29 | 34 | 39 | 49 | 60 | 70 | 79 | 80 | 99 | 109] 110 
25 metre-candles....... 1450/1000 250 125| 95 | 62 54 54 
50 metre-candles....... 1130} 312) 104 46 36 28 25 | 24 


We see from the table and from Fig. 63 that the sensitivity con- 
tinues to fall off after the first ten minutes, and it is more than a 
half hour before adaptation reaches a kind of level. This level, by 
the way, is curiously different in height according to the intensity 
of the light used for adaptation. For obvious reasons the scale 
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of coérdinates is not the same in Figs. 62 and 63, but since in both 
cases the ordinates denote the values of the sensitivity based on the 
same unit, the 

curves may 

readily be com- 1000 || 
pared with each | 
other and _ like- wy 
wise with the 800 
curve of dark 
adaptation 
shown in Fig. 60. 

The fact that 
moderate inten- 
sities of light are 
slow in nullify- 
ing the effect of 
dark adapta- 200 
tion, may easily DH 
be verified. If 
one eye is tight- 0 0 20 30 40 50 60 70 80 90 100 HO 
ly bandaged for par raites 
half an hour and Fig. 63. 
the other ex- 
posed to diffused daylight for the same length of time, on removing 
the bandage, the sensitivity of the eye that was closed sinks rapidly 
down to a certain point; but in a dimly lighted room continues then 
for a half hour or an hour distinctly higher than that of the other eye 
which has not been closed. The difference can be perceived by alter- 
nately opening and closing the eyes. 

The basis of all the quantitative results on light adaptation which 
have been given above.is the measurement of the liminal value made 
ten seconds after extinguishing the light used for light adaptation. 
Another set of LOHMANN’s experiments affords a picture of the rise of 
sensitivity during the first minutes in darkness, that is, of the after- 
effects of light adaptation during the early period of dark adaptation. 
Without going into the method of these experiments, the way the dark 
adaptation proceeds, after previous light adaptation with an inten- 
sity of illumination of 75 metre-candles, is exhibited in Fig. 64. 
Having been previously thoroughly dark-adapted, the observer 
gazed at a white surface illuminated by 75 metre-candles, for one, 
two, three, six or ten minutes. The gradual renewal of sensitivity 
during the first four minutes in darkness is then determined. The 


reduced value of sensitivity 
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first measurement is made after ten seconds. In the diagram the 
numbers of seconds reckoned from the completion of light adapta- 
tion are plotted as abscissae, and the values of the sensitivity as 
ordinates. These values are re- 
lative, but they may be com- 
pared, approximately at least, 
with those of the foregoing cur- 
ves of adaptation, by noting that 
the highest ordinate in the figure 
corresponds to asensitivity value 
of about 16000 on the basis of 
the unit of sensitivity in the pre- 
vious diagrams. Fig. 64 brings 
out clearly how, after brief light 
adaptation lasting only one min- 
ute, the sensitivity rises again 
more quickly than it does after 
the illumination of 75 metre- 
candles has acted a longer time. 
If the light adaptation is pro- 
duced with lower intensities, the 

Fig. 64. curves get steeper still and start 

off with higher ordinates. 

When we consider the rapidity with which the sensitivity of a retina 
adapted to moderately strong light starts to rise as soon as the light is extin- 
guished and also on suddenly changing into a dimly lighted room, it is easy 
to explain the following observation, which may be regarded as a special kind 
of after-image. When one comes from the street into a comparatively dark 
vestibule and looks steadily for some seconds at an object with strong con- 
trasts of brightness (for example, a bright wall with an inscription in large 
letters), a very vivid after-image is obtained, which is always negative. This 
is because the adaptative increase of sensitivity has taken place more quickly 
in the parts of the retina where the dark letters are imaged than in the more 
highly illuminated portions. Thus a stage of adaptation at which the sensi- 
tivity is rapidly rising is a prerequisite. Subjectively, the intensity of illumi- 
nation may seem to be just as bright as it was in the experiment in the dark 
vestibule, and yet if the observer is in a more or less stationary state of 
adaptation, he will try in vain to produce negative after-images of considerable 
intensity, because in such a case much stronger stimuli will be needed for that. 

At the suggestion of the writer, Mr. H. J. Wart! carried out an investiga- 
tion on the production and behaviour of negative after-images, comparing the 
results in the case of a light-adapted eye and the case of a thoroughly dark- 
adapted eye, the subjective brightness being the same for both eyes. No 
marked difference could be detected in the two cases. It is rather just at that 
particular stage when the sensitivity is rapidly rising, at the beginning of 


dark adaptation, that the conditions are peculiarly favourable to the pro- 
duction of those characteristic negative after-images. 


1H. J. Warr, Uber die Nachbilder subjektiv gleich heller aber objektiv verschieden 
stark beleuchteter Flichen. Zeitschr. f. Sinnesphysiol. XLI. 312. 1906. 
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3. Local Variations in Retinal Sensitivity 


When a person in a state of medium adaptation enters a dark room 
where there is a very faintly luminous object, it can be perceived better 
with the peripheral parts of the retina than with the central parts, as 
may be easily verified. If the luminous object is small, subtending a 
visual angle of from 1° to 2°, this difference between peripheral and 
central vision persists even after long dark adaptation; in fact, it 
becomes more pronounced. But with objects whose apparent size is 
10° or more (for instance, the disc of the adaptometer), the difference 
between the centre of the retina and the periphery disappears more 
and more with protracted stay in the dark, and after an hour’s adapta- 
tion can scarcely be detected. More exact investigations enable us to 
explain this phenomenon as follows. 

The centre of the retina, the so-called fovea centralis, behaves 
quite differently from the rest of the retina so far as the process of 
adaptation is concerned. Indeed, it shares with the rest of the retina 
the very rapid rise of sensitivity that occurs in the first two or three 
minutes of darkness, but after that it remains stationary!; whereas in 
the other parts of the retina it is then that the sensitivity to light has 
its biggest increase. Thus the foveal region behaves quite analogously 
to the total retina of an eye afflicted with a bad case of hemeralopia, so 
that we can use v. Krigs’s expression and speak of a “physiological 
hemeralopia”’ of the fovea. 

This explains why in dark adaptation small objects are more easily 
seen by the peripheral retina than by the fovea. The reason why, on 
going into a dark room, the periphery is better suited for seeing faint 
objects (even those that are too big for the fovea) than the central part, 
is different. Even in a bright room the light that reaches the extreme 
peripheral parts of the retina in the equatorial region is, as a rule, 
essentially less than that that goes to the centre of the fundus of the 
eye. The periphery therefore is in a condition more nearly like that of 
dark adaptation, and hence in dim light it is from the very start better 
adapted for perceiving feeble light stimuli. 

Systematic investigations of the distribution of the sensitivity to 
light in the dark-adapted retina have been carried out under the 
direction of v. Kries.? The eye of the observer fixated a tiny luminous 
point. At the same time a small white object, whose illumination can 


19See S. Hecut, loc. cit. (H. L.) 

2 J. v. Kriss, Uber die absolute Empfindlichkeit der verschiedenen Netzhautteile im 
dunkeladaptierten Auge. Zft. f. Psychol. u. Physiol. d. Sinnesorgane. XV .327. 1897. Among 
earlier investigations should be mentioned especially those of Guitumry, in Zft. f. Psychol. 
usw. XII. 261, 1896; XIII. 187. 1897; Prutiaers Arch. f. d. ges. Physiol. 66. 401. 
1897. 
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be gradually regulated at will, was presented to the eye at various 
lateral distances from the point of fixation. In this way the sensitivity 
of the separate parts of the retina could be compared. The results of 
these measurements for a small region of the central part of the retina, 
extending 4° to right and left of the point of fixation, are exhibited in 
Table IV; and graphically in Fig. 65. In these experiments the angular 
diameter of the object was 0.35°, and it was illuminated by bluish 
white light. 


Table IV 

say Temporal Nasal Width of 

Sensitivity distance distance blind area 

(relative value) in degrees | in degrees | in degrees 
1 1.07 0.85 1.92 
1.78 122 1.06 2.28 
712 1.70 1.36 3.08 
16.02 BS 1.92 4.22 
28.48 3.0 2.50 5.58 
44.50 Sere 3.33 7.08 
64.08 | 4.04 4.04 8.08 


It is evident how the 
sensitivity begins to rise 
rapidly a little more than 1° 
away from the point of fixa- 
tion; and how the lowest 
sensitivity is in the foveal 
field over an angular diam- 
eter of about 2°. Still far- 
ther towards the periphery 
the sensitivity to light in 
the uniformly dark-adapted 
eye goes on increasing, and, 
according to the investiga- 
tions made by v. Kriss and his students, reaches a maximum at an 
angular distance from the fovea of from 10° to 20°. In some experi- 
ments made by Bruvurr and the writer together, taking the sensitivity 
at 6° from the centre as unity, the sensitivity at 12° on the temporal 
side was found to be 1.38, and at 18° 1.64; on the nasal side at 12° it was 
1.54, but at 18° it fell to 1.37. Numerical comparisons of the sensitivi- 
ties in the foveal and extra-foveal regions, as will be explained present- 
ly, are of no value except for a particular quality of light. For an 
eccentricity of 10°, in case of good dark adaptation, Pertz (see 
v. Kris, loc cit.) found the sensitivity for a blue light (subtending an 
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angle of 8.6’) to be about 1400 times more than the foveal sensitivity. 
Using mixed white light, subtending an angle of half a degree, after an 
hour’s adaptation, the writer found the sensitivity in the most sensitive 
part of the periphery to be in round numbers a thousand times greater 
than it was in the fovea under the same conditions. In this connection, 
it should be noted that the distribution of sensitivity in the light- 
adapted eye is entirely different, the maximum sensitivity to light in 
this case being in the fovea centralis. This is easy to prove by having 
a small point-source of light of intensity just a little above the foveal 
threshold somewhere in a dark room. If the eye is thoroughly light- 
adapted, it is very difficult to enter the room and find this spot of light 
right away. It is almost by accident that it is seen, and then it is 
surprisingly distinct, although it may be quite easily lost again. On 
the other hand, a dark-adapted eye will have no difficulty in discover- 
ing the luminous spot immediately, because the peripheral sensitivity 
is greater than that in the fovea. 

Accurate measurements of the decrease of sensitivity from the fovea 
to the periphery of the light-adapted eye, with due consideration for 
the state of adaptation, cannot be made except with coloured lights. 
However, in the observations on the distribution of sensitivity to 
coloured lights in the light-adapted eye, as carried out at the writer’s 
suggestion by C. L. VauaHan and A. Bottrunow!’, the decrease of 
sensitivity out towards the periphery was found to be exactly of the 
same nature for red, green, and blue lights; and, perhaps, therefore, 
the quantitative results of these observers may be applied without 
hesitation to all light of any kind at all. What they found was that 
the sensitivity 10° to one side of the centre of the fovea was not more 
than one-fourth of its value in the fovea; at 20° away it was one-tenth; 
and at 35° away one-fortieth. 


The relative central scotoma of the dark-adapted eye. As has been 
already stated, light stimuli, whose intensities are below the threshold 
value of the fovea cannot be seen in a central region of about two de- 
grees, but are visible immediately as soon as they fall on the retina 
outside this area after it has been made more sensitive by being dark- 
adapted. The region within which stimuli of still lower intensity 
cannot be perceived is correspondingly wider. The dimensions of this 
“blind region” are given in the fourth column in Table IV for the 
intensity of light employed in that case. 


1 VauGHaN u. Bourunow, Uber die Verteilung der Empfindlichkeit fiir farbige Lichter 
im helladaptierten Auge. Zeitschr. f. Sinnesphysiol. XLII. 1. 1907. See also GuiLiEry, 
Zeitschr. f. Psychol. u. Physiol. d. Sinnesorg. XII. 261. 1896; XIII. 189. 1897. 
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In ophthalmology those parts of the visual field from which no 
sensation of light can be aroused in the eye are called scotomata. The 
scotoma is said to be absolute when no light at this place, however 
brilliant, can arouse a sensation in the eye; and it is said to be relative 
when the part of the retina concerned requires a much stronger stimulus 
for excitation than the surrounding parts. In this sense there is a 
relative scotoma in the visual field of the dark-adapted eye at the 
place corresponding to the fovea centralis. 

The existence of this scotoma can be very easily verified as soon 
as dark adaptation has proceeded far enough. Astronomers all know 
that a faint star can be seen better by not looking straight at it, 
but a little to one side of it, in other words, by letting the image fall 
near the fovea.! The best way to see this is to consider a cluster of 
stars, like the Pleiades, in which there are some bright stars and some 
fainter ones side by side. Looking directly at this constellation, four 
stars, or five at most, will be visible; but looking a little to one side, 
straightway a whole lot of fainter stars come into view. Gazing at the 
sky with its myriad stars on a clear night, one will be surprised how 
many of them become invisible when he stares straight at them. It 
is not so easy for some persons to be convinced of the existence of this 
relative central scotoma, because there is some difficulty in looking 
straight at an object which disappears as soon as it is fixated. R. Srmon? 
investigated the relations of fixation in the dark-adapted eye. The 
subject was told to look at a luminous point whose light-intensity was 
below the foveal threshold; and by locating exactly where the blind 
place was, the point on the retina was found which was focused under 
these conditions by a dark-adapted eye. CurisTINE LApD-FRANKLIN® 
had found that, in fixating a point of light so dim as to be below the 
foveal threshold in intensity, individual observers looked in different 
directions. Simon corroborated this. In his own case this spot was 
above the fovea on the temporal side in his right eye, and right above 
the fovea in his left eye. 

It is an interesting fact that this fixation place varies under certain 
circumstances even in the same individual. Thus, from the tendency 
to fixation, a luminous point whose intensity is near the foveal thresh- 
old is focused on the retina at a place very close to the fovea. The 
dimmer the light, the farther away is the part of the retina that is 
used in looking at it. The change in the subjective brightness of the 


‘ {Arago said: “‘Pour apercevoir un objet trés peu lumineux, il faut ne pas le regarder.” 
(J..P..C..S:) 


2 R. Simon, Uber Fixation im Dammerungssehen. Zeitschr. f. Psychol. u. Physiol. d. 
Sinnesorg. XXXVI. 186. 


3See A. Konia, Ges. Abhand. S. 353. 
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point, induced by progressive dark adaptation, proceeds in the same 
direction as the change in the objective intensity of the light stimulus. 
Thus, with a luminous point having a certain intensity below the foveal 
threshold, Srmon found that, after 10 minutes dark adaptation, his 
point of fixation was about 2° on one side of the fovea; after 10 minutes 
more about 1.5°; and at the end of an hour only about 1°. Thus, 
perhaps, for every eye there is a fixed direction in which it turns in the 
tendency to fixate when the light-stimulus is below the foveal thresh- ~ 
old, although the distance from the fovea of the point used for fixation 
may be variable. What is the direction from the fovea of the point 
on the retina that is selected for the fixation of dim lights, probably 
depends essentially on muscular and dioptric conditions, and to a less 
extent on the fact that certain parts of the retina immediately sur- 
rounding the fovea are prominent as being sensitive and are preferred, 
therefore, for fixation. 

In general, we have no notion of the focusing of a point that is 
outside the fovea, that is, of an unusual point for fixation. For this 
reason many observers are sceptical at first when the attempt is made 
to demonstrate foveal hemeralopia to them. They are persuaded that 
a dim object has to be fixated in the same way as a bright one; although 
as a matter of fact they do not look straight at the dim object, and that 
is how they see it. With many persons the experiment succeeds better 
when they look first in any other direction, and then suddenly direct 
the gaze on the faint spot that is to be descried. Then immediately 
it vanishes for a time, until by slight involuntary ocular movements 
the image is again shifted to a more sensitive part of the retina near 
the fovea. The following experiment is exceedingly instructive. 
A small round white paper disc between 5 and 6 cm in diameter is 
fastened on the black outside wall of a box, which has a tiny electric 
light inside. A little hole is made in the centre of the disc, and a piece 
of red paper inserted behind it, so that the light from the lamp shines 
through it. The white paper disc is illuminated from the front, on 
the side where the observer stands, by a small lamp whose intensity 
can be regulated. This may be a little gas jet or an electric lamp in 
a milk-glass lantern with an iris diaphragm. The observer, having 
been previously dark-adapted, stands about 3m away and looks at 
the little red spot, at the same time regulating the illumination of the 
white disc, until it ceases to be visible to him. Then if he turns his 
eye the least bit so as to make the image of the disc fall outside the 
fovea, it straightway reappears, dark grey at first, becoming bright 
white when the eccentricity is increased. 

Anyone who has had some practice in this experiment with this 
fixation-point, can usually perform it afterwards with the same 


334 The Sensations of Vision (282, 283. N. 


result when the red point is extinguished. Thus all that is needed is 
practice in learning how to direct the eye in a dark room towards a 
dim object that disappears when it is fixated. The reason why it 
seemed worth while to describe this experiment in detail is because 
competent observers have been heard to say, either that there is no 
such thing as a central scotoma, or that it is merely a trivial difference 
of sensitivity between the fovea and the rest of the retina. The experi- 
ment which has just been described has invariably converted such 
sceptics. 


4. Increase of Sensitivity to Light in the Fovea Centralis in Darkness 


Although the fovea is hemeralopic in comparison with the retinal 
periphery, it is not entirely devoid of the power of adaptation.!. Un- 
doubtedly, it is very much less than it is in the other parts of the retina. 
A measurement of the amplitude of adaptation is beset with dif- 
ficulties, at least in the later stages, where the sensitivity of the 
periphery increases faster than that of the fovea; the result being, 
therefore, that it requires much practice to succeed with the foveal 
fixation of the stimulus-light used for the measurement. The deter- 
minations are easier in the first stage of the dark adaptation that is 
preceded by complete light adaptation. Then for a couple of minutes 
still the fovea is the most sensitive place of the retina and therefore 
easily holds the fixation steady. One circumstance, indeed, that makes 
the experiment more difficult is that at this stage of complete light 
adaptation, as has been already stated, an object, whose visual angle 
is not greater than that of the fovea and whose intensity is close to the 
foveal threshold, cannot be easily found except by accident, so to speak. 
In this case every observer is in a position similar to that of a patient 
afflicted with so-called retinitis pigmentosa whose field of vision is 
restricted to the region of the fovea. The vision is like that produced 
by looking through a narrow tube. Accordingly, in the experiments 
made by ScHAEFER and the writer? for measuring the foveal adapta- 
tion, the plan was adopted of making the brightness of the test-object 
distinctly beyond the threshold at first, so that the observer, coming 
into the dark room, could easily locate it. The field was then quickly 
darkened by an assistant until it was just on the border of visibility. 
During the first minute the sensitivity was found to increase about 
five-fold. However, there was some uncertainty about these de- 
terminations. But after the first minute in the dark, the increase of 
sensitivity can be measured quite accurately. It amounts to about 
four-fold and lasts from 5 to 8 minutes. In all, therefore, from the 


1 See S. Hecut, loc. cit. (H. L.) 
2 Zeitschr. f. Psychol. XXXIV. 1904. S. 271. 
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very beginning of darkness, foveal sensitivity increases about 20 times, 
which is certainly not an extraordinarily higher value. The writer has 
not detected any increase of foveal sensitivity beyond the tenth minute. 

It is important to realize that foveal adaptation proceeds in 
exactly the same way and at the same rate for lights of different 
colours or wave-lengths. Thus, lights that look equally bright to the 
fovea of the light-adapted eye, will appear the same way when the 
fovea has been dark-adapted for any length of time. The so-called 
PURKINJE phenomenon, which will have to be considered presently, 
does not, therefore, exist in pure foveal vision. 

Another thing to be emphasized is that, generally, in order to demon- 
strate that there 1s an increase of sensitivity in the fovea, it is necessary 
to begin with very thorough light adaptation (looking at the bright sky). 
No satisfactory measurements of adaptation like those described can 
be obtained by merely changing to the dark room from a room illu- 
minated by ordinary daylight. The sensitivity may probably rise a 
little during the first seconds, and that will be all. 

TscHERMAK! has stated that dark adaptation, and particularly the 
PuRKINJE phenomenon, occurs in the fovea too, provided light is excluded for 
a sufficient length of time. And so he assumes a much slower adaptation in 
the fovea than in the periphery. Some other writers make the same state- 
ment, but the discrepancy between this result and that given above is due to 
using test-objects that are so large that their retinal images extend beyond 
the rod-free foveal region. In the immediate vicinity of the fovea, where the 
rods are all isolated (as to the significance of this, see below, page 344), as a 
matter of fact, the adaptative increase of sensitivity in darkness is so minute 
that iv takes hours of darkness to detect it at all. But, of course, this is 
something entirely different from the increase of sensitivity which takes 
place in the first few minutes of darkness, and which occurs in the fovea as 
well as in the rest of the retina. 


5. Relations between Sensitivity to Light and the Stimulated 
Area of the Retina . 

In his experiments in the dark room, AUBERT’ noticed that it took 
less illumination to see large areas than small luminous objects of the 
same intensity. Many investigators since then have studied this 
matter, in hopes of ascertaining the laws and have sought to find the 
conditions governing the relations between sensitivity to light and the 
superficial dimensions of the source of the stimulus. Among the 
earlier writers may be mentioned TreiTEex’, Ricco’, and CHARPEN- 
TIER.’ In very recent years the problem has been worked out in the 

1A, TscuerMak, Priiamrs Arch. f. d. ges. Physiol. LXX. 1898. S. 297. 

2H. Ausert, Physiologie der Netzhaut. Breslau 1865. 


3 Treiret, Uber das Verhalten der normalen Adaptation. v. Grazrss Arch. f. Ophthal- 
mologie. 1887. 

4 Ricco, Relazione fra il minimo angolo visuale e l’intensita luminosa. Annali d’Ottal- 
mol. VI. 

5 CHARPENTIER, C. R. XCI. 995. 1880; and Arch. d’opht. II. 487. 1882. 
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writer’s laboratory from various angles by Pippr', Lozrser’, Henius* 
and Fusita.* 

The relations between sensitivity to light and the area of the 
surface are different in the two stages of adaptation of the eye; and 
they are different also in the fovea and in the periphery. The rule 
formulated by Ricco and confirmed by Lorser, namely, that the 
product of the area of the retinal image and the intensity of the light 
is constant for threshold stimuli, or, in other words, that the sensi- 
tivity is proportional to the area of the image, is true for purely 
foveal vision. In the case of a luminous circular field the law may also 
be stated as follows: The product of the angular diameter of the field 
and the square-root of the threshold intensity is constant. That this 
law is approximately true, at any rate, is shown by the following 
example taken from a set of experiments by LoEsER. 


Table V 
(Distance of object from observer is 8 metres.) 


Square-root ; 
Diameter | of light intensity Visual angle Product 
of object D, | expressed by the D Da 
in mm diameter of a z Fa 
H stop, J 
20 0.87 2.5 2.18 
14 1.27 Li¢5 2.22 
8.5 2.4 1.06 2.5 
5 3.45 0.63 2.26 


For the periphery of the retina, the relations are different. The 
following table, taken from Piprr’s results, refers to the stage of dark 
adaptation. 


Table VI 
si : Product of 
ne V Area Threshold Relative angular size 
ea or angular size value stimulation and threshold 
value 
value 
1 1 10 1 10.0 
10 3.15 2.94 3.4 9.3 
25 5 1.96 5.1 9.8 
100 10 1502, 9.8 10.2 


1H. Piper, Uber die Abhangigkeit des Reizwertes leuchtender Objekte von ihrer 
Flachen- bzw. Winkelgrésse. Zeitschr. f. Psych. u. Physiol. d. Sinnesorg. XXXII. 98. 

: 2L. LozseEr, Uber die Beziehungen zwischen Flachengrésse und Reizwert leuchtender 
Objekte bei fovealer Beobachtung. Beitrdge z. Augenheilk. Festschrift fur J. Hirscapera 
1905. 

3K. Hentus, Die Abhangigkeit der Lichtempfindlichkeit von der Flachengrésse usw. 
Zeitschr. f. Sinnesphysiol. XLIII. 99. 1909. 

‘T. Fusira, Versuche iiber die Lichtempfindlichkeit der Netzhautperipherie unter ver- 
schiedenen Umstinden. Ibid. XLIII. 243. 1909. 
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It is evident at once that there is no question here of any propor- 
tionality between area and stimulus value, and so, of course, the 
product of area and threshold value cannot be constant. But there 
does exist an almost complete proportionality between the stimulus 
and the square-root of the area (or the visual angle of the retinal 
image, on the supposition that the objects concerned are geometrically 
similar). The threshold values are given in this table in terms of a 
unit that enables us to see easily the connection between the value of 
the stimulus and the visual angle. 

Pirer has shown that, over a wide range, the stimulus value of a 
luminous surface, at the measured threshold value, is independent of 
the form of the surface. As a result of his observations, he formulated 
the following statement: For the dark-adapted peripheral retina, the 
value of the stimulus of a luminous surface is proportional to the 
square-root of the area of the retinal image; or in other words, the 
product of the threshold value by the square-root of the area of the 
retinal image is a constant. 

As shown by the latest investigations of Hmnrus and Fusita, this 
law is not absolutely true unless PiprR’s experimental conditions are 
observed, that is, unless the light is mixed white light and the angular 
size of the object is not more than 10°. The departures from the rule 
are more marked when still larger surfaces are used, as in shown in 
Table VII (taken from HEntvs’s results). The values of the stimulus 
are computed (like those in Table VI) in terms of a unit defined to be 
the stimulus due to an object which subtends an angle of 1°. The 
place of the retina used for observation was 10° above the fovea. 


Table VII 
1 24 3 4 5 
Vv Area Stimulus 

or diameter Threshold Product ee 

Area of the round value of 2 and 3 (Sensitivity) 

object in degrees 

1 1 454 454 1.0 
4 7s 260 520 Adi 
9 S 127 381 Bus 
16 4 94 376 4.8 
25 5 79 395 IS 7 
49 Gi 60 420 Th 
100 10 46 460 9.8 
225 15 35 525 13.0 
400 20 26 520 17.5 
625 25 25 625 18.1 
900 30 21 630 21.6 
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From 10° on, therefore, the sensitivity, as expressed in terms of the 
value of the stimulus, rises distinctly more slowly as the size of the 
angle increases. This increase is much less still when the stimulating 
light is red; even for small angles. Furthermore, in fields smaller than 
1° the variations from Piper’s rule are considerable, as FusiTa has 
shown. 

But in the case of vision with light-adapted eye, the relations are 
essentially different. For luminous areas which subtend an angle that 
exceeds the foveal visual angle of from 1.5° to 2°, no clear connection 
has been found between the threshold stimulus and the size of the 
angle. This is shown distinctly in Table VIII taken from Fusrta’s 
results. 

Table VIII 
White Light Stimulation, 30° from fovea, Light Adaptation 


Visual Angle Sensitivity 
(as reciprocal of threshold value) 
1 745) 
22 40 
a 50 
iss? 50 
10° 50 
152 50 
20° 53 
30° 53 


However, the last two values indicate a small increase as compared 
with the preceding ones; but it is extremely likely that a slight ad- 
mixture of unavoidable dark adaptation is responsible for this. But 
the falling off of the sensitivity for angles below 3° cannot be accounted 
for by sources of error. There is a connection here between sensitivity 
and size of field, which comes out still more clearly in Fusrra’s experi- 
ments in which values of the stimulus were compared for angles less 
than 1° (at 10° from the centre, using white light and light adaptation). 

The nature of the dependence between the value of the stimulus and 
the size of the field in the case of these small areas (Table [X) conforms 


Table IX 
Visual Angle | Relative Area Threshold Relative 
of object of object value sensitiv.ty 
1303 1.00 2300 1.00 
OFoe 0.25 4500 0.51 
0.25° 0.06 10000 0.23 


very closely to Prrrr’s rule for large surfaces in dark adaptation. 
On account of the difficulty of making these measurements, they are 
to be considered only as being relatively accurate. It is certain, 
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however, that for small objects subtending angles of 2° or less the 
value of the threshold stimulus of the luminous surface decreases 
with the visual angle, but not so fast as to obey Ricco’s law for the 
fovea. 

In consequence of the fact that the connection between threshold 
sensitivity and size of object is distinctly different in light and dark 
adaptation, particularly for surfaces of medium size subtending visual 
angles between 5° and 15°, the amplitude of adaptation must be 
different for luminous areas of different size. In fact, it must increase 
with the size of the field. Trerret was aware of this fact. By system- 
atic investigation of the process of adaptation with objects of different 
sizes, Piper was able to get considerable differences in the rise of the 
curves of adaptation.! 


6. Binocular Stimulus Summation? 


In determining the threshold of the light sensation, it is not im- 
material whether the observation is made with one eye or with both 
eyes. The truth is, in the state of dark adaptation the threshold in 
binocular vision is distinctly below what it is in monocular vision; 
being about half as high, according to Pippr’s measurements.’ This 
result has been confirmed in the writer’s laboratory by numerous other 
observers. It was corroborated also by W. Loumann.‘ Testing a 
number of persons and comparing the results, he found unequivocally 
that the increase of sensitivity due to the participation of the other eye 
did not occur to the same extent with everybody. The differences were 
most marked in the case of subjects who had a squint. This may be 
the reason why some observers (WOLFFLIN’, for example) have found 
practically the same values of the thresholds of monocular and bin- 
ocular vision. ‘The writer had no trouble in verifying the fact of 
binocular summation of stimulus in his own case and in that of numer- 
ous other observers. 


19See H. Pifron, De la variation de ]’énergie liminaire en fonction de la surface 
retinienne excitée pour la vision periphérique. (Cones et batonnets.) Compt. rend. soc. de 
biol., LX XXIII. 1921, 753. Also, Des principes physiologiques qui doivent présider 4 toute 
étude de la lumiére. Rev. gén. des sci., XXX1. 620 and_656. (H. L.) 

2 (W. pe W. Asney and W. Watson, The threshold of vision for different, coloured 
lights. Phil. Trans. Roy. Soc., 216 A. 1916. 91-142 (see page 109). — P. Renves, Effect 
of size of stimulus and exposure time on retinal threshold. Astrophys. Jour., XLVII. 1918. 
141-146. (H. L.) 

3 H. Prenr, Uber das Helligkeitsverhiltnis monokular und binokular ausgeléster Licht- 
empfindungen. Zeitschr. f. Psychol. u. Physiol. d. Sinnesorg. XXXII. 161. 

4W. Loumann, Untersuchungen iiber Adaptation und ihre Bedeutung fir Erkrank- 
ungen des Augenhintergrundes. v. GRAEFES Arch. f. Ophthal. LXV. 1907. : 

6B, Wourr.in, Der Einfluss des Lebensalters auf den Lichtsinn bei dunkeladaptiertem 


Auge. Ibid. 61. 1905. 
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Frecuner! stated that a bright surface viewed with both eyes does 
not look brighter than it does in monocular vision. HELMHOLTZ 
corroborated this, and it is a well known fact so far as vision in a 
bright place is concerned. The only effect of closing one eye may be 
to make a faint shadow come over the surface. 


In performing this experiment, supposing that the initial adaptation is 
of that moderate kind customary indoors, it should be borne in mjnd that a 
certain degree of dark adaptation takes place very quickly in the eye that is 
closed or screened with the hand. When the eye is uncovered, it is not as if 
the free eye were reinforced by a second eye of equal sensitivity, but by an 
eye which at the instant when it begins to take part has increased sensitivity. 
As a matter of fact, when light adaptation is very good, and one of the eyes has 
been closed for a very short time, there is generally no appreciable difference 
of brightness between monocular and binocular vision. 


That there is a real difference between the pair of eyes for photopia 
and scotopia so far as the summation of binocular stimuli is concerned, 
has been proved by Piper. His method consisted in determining the 
monocular and binocular thresholds alternately throughout the entire 
test of the dark adaptation. The results of one of these tests, in which 
the writer acted as observer, are given in Table X; and graphically 
exhibited in Fig. 66. The experiment was made before the construction 
of the adaptometer; consequently, the absolute sensitivity values are 
not directly comparable with those given in other places, but are 
represented in terms of an arbitrary unit. 


Table X 
Binocular Right Eye | Left Eye 
4 dime Sensitivity | . Ene Sensitivity Aes Sensitivity 
in min. in min. in min. : 
0 86 % Mies 1 111 
34% 272 4% 498 5 498 
84% 2724 9% 2914 104% 3419 
14% 11815 15% 13521 16 14516 
20% 41649 21% 27778 224% 22957 
27% 65746 28% 38447 30 33058 
37 81632 39% 40000 404% 36982 
521% 97656 56 40000 1577 41649 
59 97656 t 


A distinct separation between the curves for monocular and bin- 
ocular vision is not manifest until after 14 minutes. Investigating 
various soldiers, who were employed as normal controls in an investiga- 
tion of hemeralopia, Messmer (loc. cit.) got quite similar results. 


1 Fecuner, Uber einige Verhiltnisse des binokularen Sehens. Abhandl. der sachs. Ge- 
sellsch. d. Wissensch. VII. 1860. S. 423. See also Bd. III. S. 424. 
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When the observations are made with both eyes, one of which is light- 
adapted and the other dark-adapted, the light-adapted eye behaves 
as if it were shut; that is, in this case the threshold is found to have the 
same value in both monocular and binocular vision. Piper concludes 
correctly that this affords further proof of the independence of the 
process of adaptation in the two eyes. Extending his investigations 
further, he was able to show that even with stimuli considerably above 
the threshold, a binocular summation of stimulus occurred, provided 
both eyes were dark-adapted. In his method of experiment the 
intensity of one of two white surfaces could be regulated at will, and 


20000 


0 20 30 40 50 60 2 
Fig. 66. 


this surface was exposed to one eye only, while the other could be seen 
by both eyes. This enabled him to make a comparison between 
monocular vision and binocular vision. In order to obtain the same 
apparent brightness with both methods of observation, it was found 
that the intensity of illumination of the field seen with one eye must 
be from 1.6 to 1.7 times that of the other. With very low intensities, 
near the threshold in fact, the value is approximately double. 
Comparing these results on binocular vision with those in which the 
determination of the threshold was made for retinal areas of different 
sizes, we find a remarkable analogy, as follows: In complete light 
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adaptation of the eye the stimulating values of the quantities of light 
that fall on different parts of the retina are not to be added together 
when the stimulated area exceeds a certain size amounting to a few 
degrees of visual angle; and, furthermore, when both eyes are light- 
adapted, the stimulations due to the quantities of light reaching the 
two eyes are not to be added together. But in the state of dark 
adaptation the summation occurs distinctly and regularly in both 
cases. The possible experimental explanations of these facts will be 
discussed in another place. 


7. The Least Amount of Energy Needed for Stimulation! 


The absolute measure of the least amount of energy that is needed 
to stimulate the organ of vision has been determined very recently 
by various observers. Thus, Wren? has computed the energy that 
reaches the eye every second from the most faintly visible stars as 
being 4x10-8erg. A thorough study of the subject was made by 
v. Kriss’ with special reference to the quality of the stimulating 
light and the region of the retina stimulated. The measurements by 
Dr. EysTer were made on the most sensitive part of the retina, with 
blue-green light of wave-length 507uy, which is the part of the spectrum 
for which the ratio between visibility and energy has its greatest value, 
according to LANGLEY’s measurements. With the most thorough 
dark adaptation, and under the most favourable conditions, for 
utilizing the energy, as to both area and exposure, Eyster obtained 
values of from 1.3 to 2.6 X10-!° erg. For continuously visible light the 
value found was 5.6 <10-!° erg per second. Dr. Bosweii! made 
similar determinations for purely foveal vision. As stimulus he used 
the longest waves in the spectrum for which K6nie@ has found a fairly 
uniform ratio between brightness and energy, that is, sodium light 
(589uu); because, for reasons to be mentioned presently, foveal 
fixation is easier with this light than with light of shorter wave- 
lengths. Boswx.u’s observations were made in a state of slight dark 

1qP. Reeves, The minimum radiation visually perceptible. Astrophys. Jour., XLVI. 
1917. 167-174. — P. L. Dunoty, Energy and vision. Jour. Gen. Physiol. III. 743-764. 
— W. W. Costenrz and W. B. Emerson, Relative sensibility of the average eye to light 
of different colors and some practical applications to radiation problems. Bull. Bur. Stand. 
1917 sci. papers, No. 303, 167-236. — H. Pifron, De la variation de l’énergie liminaire 
en fonction de la durée d’excitation pour la vision peripherique. Compt. rend. Acad. des 
Sci., CLXX. 1921. 1203-1206. (H.L.) 

2 Wien, Uber die Messung von Tonstiirken. Diss. Berlin 1888. 

3J. vy. Kries, Uber die zur Erregung des Sehorgans erforderlichen Energiemengen. 
Nach Beobachtungen von Herrn Dr. Eystmr mitgeteilt. Zeitschr. f. Sinnesphysiol. XLI. 
373. 1906 (and Ges. Abhandl. z. Physiol. d. Gesichtsempfindungen, 3, 4.) 


‘¥. P. Boswxxu, Uber die zur Erregung des Sehorgans in der Fovea erforderlichen 
Energiemengen. Ihid. XLII. 299. 1907. 
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adaptation, perhaps, therefore, under conditions in which the foveal 
sensitivity had already reached its highest value; which, according to 
the results given above as found by ScHaErer and the writer, occurs 
after 10 minutes of dark adaptation with previous highest light 
adaptation. Boswriu found the just effective energy for short 
exposure, taking the average of numerous measurements, to be 31.6 x. 
10 erg. For long exposure from 16 to 20 times as much energy per 
second is necessary. 

It is extremely remarkable that the amount of energy necessary 
to stimulate the peripheral retina is only about 15 times as much as is 
required to stimulate the fovea. Much greater differences might be 
expected on account of the considerable differences between the fovea 
and the periphery in the perception of very faint light. However, it 
must be remembered that the superiority of the periphery is partic- 
ularly evident in long continued observations of large objects. When 
the values of the stimuli given by Eyster and Boswe tt for long ex- 
posures are compared, it appears that the periphery under these 
conditions is about a hundred times superior to the fovea. We saw 
above, that for simple threshold determination with objects 1° in 
diameter, the eye being free to look in a chosen direction for as long a 
time as desired, the periphery of the dark-adapted eye is about a thou- 
sand times more sensitive than the fovea. Considering also the fact 
that in threshold determinations with the adaptometer, where the eye 
is free to move, the observational conditions are more favourable than 
in measurements with a spectrum apparatus and an ocular slit, and that 
this circumstance is more evident in eccentric vision than in foveal, 
we need not wonder any more at the comparatively slight difference 
between the stimulation of fovea and periphery as found in v. Krrss’s 
laboratory. This is even more readily appreciated in the light of Bos- 
WELL’s comparative results on energy values when other lights besides 
yellow were used. It was found that the stimulating value of green 
light was more than twice that of sodium light. 


B. Duplicity Theory and Twilight Vision. 
1. The Duplicity Theory 


Aside from the quantitative changes that are the result of the 
variation of sensitivity, a series of qualitative changes of vision are 
also associated with adaptation. These are manifested especially 
with respect to colour vision and in some other connections also 
(time relations, etc.). Some of them have indeed been mentioned 
already in the preceding section, particularly those phenomena which 
have recently led more and more to a very definite way of regarding 
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the contrivance and function of the visual organ. Inasmuch as the 
actual facts of observation can be much more easily described in terms 
of the assumptions of this theory, the fundamental ideas will be stated 
here. 

In the first edition of the “‘Physiologischen Optik’? HELMHOLTZ 
had expressed the opinion that it was not likely that the rods were also 
sensitive to light in addition to the cones (see page 31). In the second 
edition he accepted the hypothesis of H. MtLuer and KoELLIKER, 
which is that the rods also are concerned in sensation of light (see 
page 30), although he conjectured that their réle in the localization 
of the sensations was different from that of the cones. In this connec- 
tion no allusion was made to the hypothesis which had been advanced 
by Max Scuutrze! in 1866. The fundamental ideas of this theory 
have since been accepted by many writers.? According to SCHULTZE, 
all that the rods do is to mediate simple sensation of light without 
colour discrimination, the cones being the apparatus of colour percep- 
tion. SCcHULTZE’s view received its chief support from the decrease of 
the colour sense out towards the periphery of the retina; which has its 
structural correlations in the preponderance of rods over cones in the 
peripheral parts. It is supported also by comparative anatomy. In 
animals that either live exclusively in dark places (caves, etc.) or are 
not active and alert except in dim light, ScHuLtTzEe found the rods de- 
veloped in much greater numbers than in animals that do not shun 
bright light. Indeed, in the case of many nocturnal animals he could 
find no cones at all, and nothing but rods. On the other hand, in the 
case of animals that live much in bright sunlight, such as lizards and 
snakes, he found only cones and no rods. 

The foundation of ScHuLTzx’s theory cannot be said today to be 
perfectly valid. Peripheral colour blindness is explained in a partly 
different way from ScHuLtTzr’s hypothesis. And, moreover, with 
respect to the data of comparative anatomy, it is certainly not true 
that nocturnal animals have rods only. According to more recent 
anatomical investigations, there are no mammals and birds without 
cones. Still the general fact is correct that the rod mechanism, as 
compared with the cone mechanism, is much more highly developed 
in nocturnal and twilight animals than in those whose habits are 
distinctly diurnal. The difference, however, is not so much in the 
number as in the length of the rods and the amount of visual purple 
they contain. 

The theory of the functional difference between the rods and cones 


1 Arch. f. mikroskop. Ana . II. 1866. S. 247-261. 
? For the literature on the subject see Tscurrmax, Ergebnisse der Physiologie I. 2. 1902. 
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was put on a much firmer basis by the researches of Partnaup! and 
v. Kriss.? Independently of each other, and proceeding along 
different lines, they arrived at a complete confirmation of Max 
ScHULTzE’s hypothesis and shaped it into a reasonable theory. By 
referring to it as the duplicity theory (Duplizitdtstheorie), which is the 
name given to it by v. Kriss, the implication is that there is not simply 
a morphological duality of the elements of the retinal neuro-epithelium, 
but a corresponding duality of function as well, and that to a certain 
extent there are two kinds of vision. One kind is that which is active 
when the eyes are light-adapted and stimulated by strong light—Tages- 
sehen (or daylight vision, photopia), as v. Krims designates it. Opposed 
to it is the so-called Dammerungssehen (or twilight vision, scotopia), 
when the eye is dark-adapted and the light stimulus is weak. On the 
duplicity theory the organ for daylight vision is the “daylight me- 
chanism’’ or brightness-mechanism represented by the totality of the 
cones; the ‘‘twilight mechanism’”’ or darkness-mechanism being con- 
stituted by the rods along with the visual purple absorbed in their 
outer segments. 

In agreement with each other and with ScHuLtzn, Parinaup and 
v. Krigs assumed that only one quality of light sensation can be 
mediated by the rods. Thus, to a certain extent the twilight mecha- 
nism must be considered as being totally colour-blind, whereas the 
daylight mechanism is farbentiichtig or capable of discriminating 
colours.® 

The function of the daylight mechanism, pure and simple, is exem- 
plified in vision with the foveal region of the retina where there are 
norods. But the function of the twilight mechanism cannot be isolated 
- so simply. According to the theoretical assumptions, under ordinary 
circumstances in not too strong light, rods and cones function together 
simultaneously. But the rods are supposed to have a much greater 
capacity for dark adaptation. Thus, with low intensity of illumination, 
the stimulus may be sufficient to excite the rod or twilight mechanism, 
without being adequate to stimulate the cone mechanism. And hence 
below a certain limit of intensity, whatever possibility of vision there 
may be is to be considered as being due entirely to the mediation of the 
rods. As to whether the rods continue to function along with the cones 


1ParinauD, Arch. gén. de méd. April 1881; C. R. Aug. 1881, 286; C. R. Nov. 1884; 
Anrnal. d’ocul. 1894. CXII. 228; Arch. d’ophthal. XVI. 87. 1896. 

2 J. vy. Krins, Ber. naturf. Ges. Freiburg, IX. 1894. Uber die Funktion d. Netzhaut- 
stabchen. Zft. f Psychol. IX. 81. 1895; Grawres Arch. f. Opth. XLII. 95. 1896. 

3 J‘Broadly speaking vision with the dark-adapted eye, i. e., scotopic vision, is mono- 
chromatic or tone-free. Vision with the light-adapted eye, i. e., photopic vision, is poly- 
chromatic or toned. In the former the threshold stimulus intensity is low; in the latter 
relatively high.” J. H. Parsons, loc. cit. p. 203. (J. P. C.S.) 
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at high intensities of light, the two kinds of visual epithelium being 
therefore united for seeing by very bright light, the duplicity theory 
does not definitely attempt to say. During morning and evening 
twilight, and in dim light generally, the functions of the two mecha- 
nisms are interlinked in a complicated fashion, as will be described in 
the following sections. 

The foundation for the duplicity theory is primarily in the com- 
parison between foveal vision and peripheral rod vision. 

In the preceding chapter of this Appendix it was shown (p. 329) 
that the absolute sensitivity in the centre of the retina at the fovea is 
not anywhere nearly so high as it is in the parts of the retina to one 
side of the fovea, say, 10° from it. 

On the supposition that the angular diameter of an object which 
sends out white light is about one degree, and that the eye is thoroughly 
dark-adapted, the intensity of the light required in order for the object 
to be just visible when it is fixated directly must be in round numbers 
one thousand times greater than when the eye views the object with 
the most sensitive parts of the periphery of the retina; as was stated 
above. In light adaptation, on the contrary, the sensitivity in the 
fovea is somewhat greater than in the periphery. The simplest ex- 
planation of the superior sensitivity of the dark-adapted periphery 
of the retina is by assuming that the sensitivity of the rods, which are 
absent in the fovea but present in the periphery along with the cones, 
increases in darkness to a much greater degree than that of the cones; 
and that, therefore, with decreasing illumination, as for example, in 
the evening twilight, the rods more and more take over the role of 
receptors; until finally, for a certain degree of darkness, the intensity 
of light is no longer sufficient to stimulate the central part of the retina 
where there are no rods. Thus the condition is brought about which 
is characteristic of twilight vision, and in which there is a deficiency of 
function, a ‘“‘scotoma”’, in the centre of the visual field. 


2. Quality of the Light Sensation in Twilight Vision 


Another striking characteristic of twilight vision is the lack of all 
colour discrimination. The eye is totally colour-blind, as can be 
verified without difficulty. The observation may be made at night 
in any room, with a suitable source of light and a device for regulating 
its intensity, so that it can be made sometimes dark and sometimes 
bright. As soon as it is possible to distinguish colour, it is a sure sign 
that the intensity is already above the threshold of the fovea centralis. 
Suppose, for example, there is a piece of red paper in the dark room, 
and that at a certain degree of illumination the red colour can be 
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discerned. Under these circumstances, a little bit of this paper 
subtending an angle of one or two degrees cannot be made to ‘“‘dis- 
appear” in the foveal region of the retina; as can be done so easily 
with a white object and sufficiently low degree of illumination, by 
suddenly looking straight at it (see page 333). The intensity is above 
the threshold of the foveal sensitivity. 

The experiment turns out the same way when the colour of the 
paper is orange or brown, and to some extent also even when it is green. 
But in the case of blue objects there are difficulties with experiments 
of this kind. Many persons will say that a blue paper looks still 
distinctly blue, although the intensity of illumination of the surface is 
certainly below the foveal threshold; that is, although a small piece of 
the blue object of proper size disappears when it is focused in the fovea. 
It is a fact also that the sky at night when not absolutely devoid of 
light is frequently a beautiful dark blue’, and a landscape in moonlight 
may look as if suffused in a lustre of bluish white. 

These observations show that the quality of the light sensation 
in twilight vision is not always colourless, that is, white or grey, but 
that, at least under certain circumstances, it may be bluish. This is 
not a contradiction of the existence of total colour blindness in twilight 
vision; because that expression does not imply the inability of seeing 
light of any kind of colour at all, but merely the impossibility of 
distinguishing colours as qualities that are different one from another. 
When a person looks through a piece of glass which is transparent only 
to rays of some one particular colour, a dark red ruby glass, for ex- 
ample, he is practically colour blind. Objects seen through such a 
glass all appear in various gradations from bright red to black. The 
colouring in this case is all so intense that there is never any doubt 
even for a moment as to whether everything is coloured or colourless. 
It is a different matter when the piece of glass is lightly coloured, and 
particularly if the glass is blue. Seen through blue goggles everything 
white looks bright blue at first glance. (Other rays besides the blue 
rays come through these goggles, and hence red and green objects do 
not look much changed and often appear almost in their natural 
colours.) However, after wearing the goggles some hours, the blue 
disappears more and more from the visual field, and then white objects 
cease to look blue, and begin to look white. This is particularly the 
case when the goggles are made like snow-spectacles so as to prevent 
side light from entering the eye; and consequently comparisons cannot 
be made with parts of the field that do not radiate blue light. 

In a case like this, in large portions of the field in a comparatively 
short time the specific coloured character of a sensation of blue that is 


1 Doyr, Poacenporrrs Ann. LXXXV. 1851. 397. (See also above, p. 226). 
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not a very saturated one may disappear and give way to a sensation of 
colourlessness. And so also in twilight vision something analogous 
may occur, particularly as the stimulus here is feeble anyhow, and 
simultaneous contrast between different coloured parts of the field is 
absent entirely. 

On the other hand, it might be supposed that the coloured quality 
of twilight vision would be particularly manifest when there was a 
possibility of comparing such a sensation with the sensation aroused 
in the light-adapted eye under the conditions of daylight vision. The 
writer has made observations of this sort in the following manner. 
The observer places his head in front of the open side of a box divided 
in two parts by a vertical partition, so that each eye looks into one 
half. The back of the box is made of milk-glass, and behind it there is 
an annex for holding the contrivances for regulating the illumination 
of the two halves of the milk-glass plate. There are two iris dia- 
phragms, in which little pieces of milk-glass are inserted. Coloured 
glasses can be placed over these diaphragms also. In front of each of 
the apertures a special source of light can be adjusted. By binocular 
comparison the observer can decide whether the two fields on the in- 
side of the box are equal in luminosity and in colour. 

For one of the fields, say, the one on the right, the intensity of the 
light is so regulated that, although it is below the foveal threshold, it 
looks as bright as possible to a thoroughly dark-adapted eye. (The best 
way to get this adjustment is by covering the field with black paper 
with a hole in it subtending an angle of between 3° and 4°. If the 
piece of milk-glass as seen through this hole when the dark-adapted 
eye looks straight at it can be made to disappear with certainty, the 
intensity of the light is far enough below the foveal threshold.) 

The observer’s right eye is thoroughly dark-adapted by blind- 
folding it tightly for one hour; the other eye meantime being kept as 
fully light-adapted as possible. A very bright source of light must be 
adjusted in front of the left iris diaphragm. Immediately after 
going into the dark room the luminosity of the two fields is compared, 
the right field being viewed with the right eye, and the left field with 
the left eye, the eyes being closed alternately. If the correct inten- 
sities of light have been selected, the left field therefore being illumin- 
ated about a thousand times more intensely than the right one, the 
difference of colour in the two fields is manifested in the most striking 
way. The left field, viewed by the photopic eye, looks generally 
distinctly yellow-red alongside the greenish blue right half as seen by 
the scotopic eye. To obtain equality of the fields, a highly coloured 
blue filter must be interposed in front of the left source of light. 
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The technical difficulties of this method are so very great that the 
writer has not yet succeeded in making an accurate determination of 
the colour of twilight vision in terms of the wave-length of a definite 
colour of the spectrum. But by a different method v. Krims and the 
writer together! have obtained a basis for a determination of this sort. 
In experiments which will be described below in another connection 
matches were made, for the eye of a colour-blind person (namely, the 
writer)’, between homogeneous lights and a mixture of spectrum red 
and blue (using a field considerably larger than the foveal region). 
For reasons that cannot be fully understood until we get further on in 
the subject, a colour match of this sort does not generally continue 
valid when the lights in the two halves of the match are reduced in 
the same proportion (for example, by narrowing the width of the 
ocular slit) so as to approach the conditions of twilight vision. The 
colour match previously made under the conditions of full daylight 
vision is therefore incorrect from two points of view, first with respect 
to luminosity, and then also with respect to hue. Thus, the nearer 
the conditions are to those of twilight vision, the more the specific 
colour of twilight vision, the cyan-blue mentioned above, blends for 
the observer into the colour of the field; and indeed, as we shall see, 
this takes place to an unequal extent for the different colours of the 
spectrum. Thus depending on the wave-length of the homogeneous 
light used in making the colour match, this homogeneous light, or the 
red-blue mixture, will change more towards blue, when the intensity 
of the entire field is reduced. If the mixture were made up of red of 
670up and blue-violet of 435uy, what was found was, that a homo- 
geneous light of wave-length 495uu (which is colourless to the colour- 
blind and corresponds therefore to his so-called ‘‘neutral point’”’ in 
the spectrum’) appeared brighter and bluer than the mixture when the 
intensity of the whole colour match was reduced. The same behaviour 
was observed for all kinds of light up to about 485uy. But if the wave- 
length of the homogeneous light is shorter than 480, the mixture was 
found to be blwer than the homogeneous light when the intensity was 
lowered. Thus between these limits, 480 and 485yy, there is a homo- 
geneous light which for the dichromat does not change its hue in the 
transition from daylight vision to twilight vision. v. Krizs and Nace. 
called this place the ‘invariable point’’ in the spectrum and assumed 
for reasons which will not be discussed here, that it was situated nearer 


1J, y. Kris and W. Naaet, Einfluss von Lichtstarke und adaptation auf das Sehen 
des Dichromaten. Zeitschr. f. Psychol. u. Physiol. d. Sinnesorg. XII. 29. 

2 (NaGeEL was a deuteranope. (J. P. C. 5S.) 

8 The neutral point of the dichromatic spectrum is the spectrum colour that matches 
white for this type of colour blindness. (J. P. C. 8.) 
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the upper limit, 485uu. Accordingly, it may be conjectured that the 
quality of the sensation in twilight vision is similar to that which is 
aroused by this light in daylight vision. This, however, is not pure 
white, but very distinctly blue. Recent researches!, which will be 
taken up later, point to the same conclusion. The statements made 
here are applicable strictly to colour-blind persons, but they are 
doubtless true also to a great extent with respect to so-called normal 
colour vision; because, as numerous observations have shown, the 
twilight mechanism in the eye of the normal individual and in that of 
the colour-blind person seem to function in identically the same 
way. 

Incidentally, it is quite conceivable that the light sensations that 
occur under the conditions of pure twilight vision have a certain range 
of fluctuation as to their quality, varying from absolute colourlessness 
to a cyan-blue of no little saturation. 

Perhaps this may be connected with a previous colour modulation 
(Umstimmung) of the visual organ. But the writer, judging by his 
own observations, does not believe this is the case. On the contrary, 
according to his experience, the blue hue of twilight vision comes out 
most distinctly right after long dark adaptation, where there cannot 
be any question of colour adaptation, the indication being rather that 
the eye must be “‘neutral’”’ in Hrerina’s use of this term. 

The writer would like to guard against what seems to him to be 
the mistake of using such observations as the above as the origin or 
basis of any theory as to the rods in the retina being the anatomical 
substratum of the blue sensation. A conclusive argument against 
such a view is the fact that, while the peculiar characteristics of twilight 
vision are lacking entirely in the fovea centralis, still it is undoubtedly 
capable of mediating the blue sensation. It is only under very special 
conditions, when the two mechanisms of daylight vision and twilight 
vision operate together, that it is possible for the blue sensation arising 
in the twilight mechanism to be blended with colour vision to any 
noticeable extent. 


3. Twilight Values of Pure Homogeneous Kinds of Light 


Rays of different wave-lengths originating from one coherent spec- 
trum have unequal stimulating values for the retina operating under 
the conditions of twilight vision (state of dark adaptation, with in- 
tensity of light below the foveal threshold). As the effects of all 
wave-lengths are qualitatively of the same kind, that is, as no colour 


1W. Naaet, Farbenumstimmung beim Dichromaten. Zeitschr. f. Sinnesphysiol. 44. 
1909. 
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sensations are aroused whether the waves are long or medium or short, 
it is possible to make exact matches and quantitative measurements 
of the effects of individual wave-lengths without much difficulty. 

The method employed in investigating spectral light is different 
from that used in studying more mixed light like that reflected by the 
colours of pigments. The nature of the reactions to homogeneous 
kinds of light is naturally of chief interest; and consequently this 
matter will be considered first.1 The investigation may be made by 
means of HELMHOLTz’s spectrophotometer to be described hereafter. 
Another apparatus is needed in conjunction therewith to enable the 
experimenter to adjust a comparison light anywhere alongside the 
various homogeneous kinds of light in the spectrum. It must be 
possible to regulate the intensity of this comparison light over a wide 
range, and it should be big enough to subtend in the field of view an 
angle of from 5° to 10°. Looking through an ocular slit in HELMHOLTz’s 
instrument, what the observer sees is a circular field of the prescribed 
size divided by a vertical diameter. One of the semicircles is com- 
pletely illuminated by light from the comparison lamp, while the other 
is illuminated in turn by the different kinds of homogeneous light in 
the spectrum. A homogeneous light, say cyan-blue, is generally 
used also for the comparison light. It is better not to regulate the 
luminosity of this half of the field, at least not entirely, by changing 
the width of the slit, because the range is not sufficient for the neces- 
sary changes. An adjustable pair of Nicou prisms is the best contriv- 
ance for this purpose. The intensity of the light in the other semi- 
circle is not deliberately changed at all, the width of the slit being the 
same for each of the various kinds of spectral light that are admitted 
through it. 

In order to make the observations under the conditions of twilight 
vision, the observer must keep his eyes thoroughly dark-adapted. 
The intensity of the entire field should be so low that all colour dif- 
ferences vanish; and therefore either very faint sources of light should 
be used, or merely a small fraction of the radiation of a lamp that is 
steady enough. This can be accomplished by placing the lamp far 
away and letting it shine on a sheet of magnesium oxide or white 
baryta paper held at a suitable angle in front of the collimator slit. 
Another convenience about this arrangement is that both slits can be 
illuminated by a single source of light. 

1See F. Hittesranp, Uber die spezifische Helligkeit der Farben, mit Vorbemerkung 
von E. Herina. Sitz. Ber. K. Akad. Wien. Mathem. naturw. Kl. XCVIII. III. 1889.— 
J. v. Krizs u. W. Nacet, Uber den Einfluss von Lichtstarke und Adaptation auf das Sehen 
des Dichromaten (Griinblinden), Zeitschr. f. Psychol. u. Physiol. d. Sinnesorgane. XII. 45; 


also in: Abhandlungen zur Physiol. d. Gesichtsempfindungen aus dem physiol. Institut eu 
Freiburg i. Br. Herausgeg. von J. v. Kries. Heft 1. 
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The stimulus value for the dark-adapted eye of a particular 
homogeneous kind of radiation may be expressed simply in terms of the 
value of the intensity of the comparison light when there is a perfect 
match between the two halves of the field. The relative stimulus 
values obtained by systematic investigations with different kinds of 
spectral light may be termed (see v. Krizs and NaGEt, loc. cit.) the 
twilight values (or twilight valences), and can be exhibited in the form 
of a curve. 


Table XI (according to v. Kriss and NaGeEt) 
Twilight Values of Homogeneous Kinds of Light 


Wave-length | Twilight value in arbitrary units 


670. Sup | ? 
656 19.3 
642 36 
628 110 
615 254 
603 276 
591 599 
582 1276 
571 2061 
561 2477 
552 2930 
544 3027 
536 2820 
525 2055 
515 1576 
505 1015 
496 697 
488 486 
480 318 
469 263 
460.8 146 
448 46 
436 17 


The typical distribution of the twilight values in the dispersion 
spectrum of gaslight for the writer’s eye is given in Table XI. The 
relations are exhibited by the curve in Fig. 67. The maximum is in 
the green at 544 (for other measurements made by the writer it was 
at 536uu). The curve falls rapidly on both sides, but most steeply 
towards the red, while the descent from the blue-green to the violet is 
very gradual. On the red end near the border between the orange and 
red, the values are already almost too small to be measured; and in the 
red from 670uy on, while traces of twilight vision can still be detected, 
they cannot be numerically measured; being dependent besides on 
the almost unavoidable admixture of diffused light in the instrument. 
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The statement that this is a typical curve means that it not only 
represents the case of persons with the same kind of colour vision, but 
cases of so-called normal colour vision and of various congenital types 
of colour blindness as well. It applies likewise, as has been shown by 
the writer, to anomalous trichromats to be described later. 


In his experiments on the luminosities of the spectral colours for various 
absolute intensities, A. Konia (Ges. Abhandl. p. 144, and Beitrage zur 
Psychologie und Physiologie der Sinnesorgane, Festschrift zu HretmHoxtTz 70 
Geburtstag. 1891. p. 309) used for the lowest degree of intensity one that was 
probably not far from the conditions required for pure twilight vision. On 
this occasion he got the important result that the great differences in the dis- 
tribution of spectral brightness, that exist between normal, red-blind, green- 
blind and totally colour-blind persons when the intensity of the light used is 
relatively high, disappeared almost entirely when the lowest degree of inten- 
sity was employed. More recent investigations have completely corroborated 
this result and shown that it is valid also for the anomalous trichromats, as 
above stated. 
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Fig. 67.—Distribution of the twilight values in the dispersion spectrum of gaslight 
(according to NaGreL). The crosses indicate the results of previous, perhaps rather less 
accurate determinations. 

In repeated parallel experiments with persons of different types 
of colour vision the same result has been always verified again. There 
is no known form of anomalous colour vision for which any noticeable 
deviation has been found in the distribution of twilight values over the 
spectrum. ‘The only cases that have not yet been tested are those of 
pure tritanopia or violet blindness. 

A. TscHERMAK' has stated over and over again that the adaptative ability 
of the eye for long and short wave-lengths for the two principal types of colour 


1A, Tscuermak, Uber physiologische und pathologische Anpassung des Auges. Leipzig 
1900.—Beobachtungen iiber die relative Farbenblindheit im indirekten Sehen. Priitcurs 
Arch. f. d. ges. Physiol. LXX XII. 559. 1900.—Die Helldunkeladaptation des Auges und 
die Funktion der Stabchen und Zapfen. Ergebnisse d. Physiol. I, 2. 703 and 747. 1902. 
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blindness (red blindness and green blindness) is regularly different from the 
two types of colour vision that are presumed to correspond to them. But no 
proof of the truth of this assertion has ever been given or even so much as 
attempted. 


Evidently, these determinations of the twilight values always 
apply simply to a particular spectrum, and if the observations are 
made with an interference spectrum, the curves will have a different 
form. Moreover, in using a definite apparatus the distribution of 
the twilight values will be different according to the nature of the 
source of light. An Aver lamp containing a lot of green light will give 
a different curve from that of the reddish incandescent electric light. 

The most complete determinations of this sort, so far as perfecting 
the method is concerned, are perhaps those made by SCHATERNIKOFF.' 
The values which he obtains for gaslight are very close to those of the 
writer. For direct sunlight and reflected skylight the values are 
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Fig. 68.—Distribution of the twilight values in the dispersion spectrum of sunlight and 
blue skylight (according to SCHATERNIKOFF). 


expected, the peak of the curve (at 529.3uu) is a little nearer the 
blue end than it is in gaslight (537.2). The values for blue skylight 
are somewhat higher in the blue-green and blue than for direct sunlight. 


_ Even without any spectrum apparatus, an approximate idea of the dis- 
tribution of twilight values may be obtained, which brings out especially the 
considerable differences of the luminosities of the colours in the daylight 


1M. Scuatrernixorr, Neue Bestimmungen tiber die Verteilung der Dammerungswerte 
im Dispersionsspektrum des Gas- und Sonnenlichts. Zeitschr. f. Psychol. wnd Physiol. der 
Sinnesorgane XXIX. 255. Also, Abhandlungen zur Physiologie der Gesichtsempfindungen, 
herausgeg. von J. v. Krres. Heft 2. 1902. 
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Table XII (according to ScHATERNIKOFF) 


Twilight Values for 
Wave-length 
blue skylight | direct sunlight 

670.8 hgh 5.9 
651.8 12.5 10.5 
634.3 22.2 33.3 
618.1 70.7 86.3 
603.1 189 214.4 
589.3 411 459 
577.1 725 752 
566.4 1369 1535 
556.0 2019 1933 
546.0 2578 2546 
537.2 3000 3000 
529.3 3213 3353 
522.3 3060 3067 
515.4 2959 2833 
502.2 2758 2460 
490.0 2067 1935 
478.6 1497 1205 
468.0 1224 945 
458.7 830 658 
451.1 580 399 
443.8 299 212 
437.0 160 112 
430.4 69 46 


vision and twilight vision. With a good assortment of saturated coloured 
papers of about post-card size, they can be arranged under very dim illumina- 
tion in a graded series from the brightest to the darkest. Thorough dark 
adaptation is necessary and also an illumination correctly adjusted until the 
colours of the papers are no longer apparent. Afterwards when bright 
illumination is turned on, it is evident that the order of arrangement is 
absolutely wrong for daylight vision. Brilliant red papers will be found at the 
darkest end of the row, and the orange, say, near a dark blue that in daylight 
vision looks very much less luminous than the orange. On the other hand, 
the greens are placed near the bright end of the row. 


More accurate experiments, in which also numerical values for the 
differences of luminosity are obtained, can be made by using the colour top. 
A coloured disc of sufficient size, 18 or 20 cm in diameter, is set to spinning. 
On it are placed two smaller discs, one black and the other white, which can 
be shifted over each other, The illumination is lowered until a thoroughly 
dark-adapted eye can no longer distinguish any colours, and the ratio between 
the black and white sectors is so adjusted that the grey of the mixture and the 
dim colourless light of the larger dise appear to have exactly the same luminos- 
ity. While this can be quite accurately done, of course no precise twilight 
values can be obtained in this way, because the colours on the disc are not 


homogeneous. 


The twilight value curves give a picture of the distribution of 
the luminosity in the spectrum as it must look to a thoroughly dark- 
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adapted observer viewing an entire spectrum under the conditions of 
twilight vision; that is, at an intensity for which colours are no longer 
discernible. Observations of a dim, colourless spectrum of this sort 
were made first by HiLLeEBRAND! in Hertne’s laboratory; the result 
being as a matter of fact that under these circumstances the spectrum 
had a colourless grey appearance. Its brightest place was where pure 
green or somewhat yellowish green is seen in a bright spectrum. There 
was nothing visible at all at the places where it would otherwise be red; 
but towards the violet side the colourless spectrum extended to the 
end without being noticeably shortened. 

The most striking way of showing the changes that take place in 
the spectrum is to project it on a screen in a dark room and then cut 
down the intensity by means of a pair of Nicou prisms interposed in 
the path of the light. If the intensity is not very great to begin with, 
an episcotister? transmitting not more than one three-hundredth of 
the total amount of light, may be used to produce the necessary dim- 
ness. Of course, in order to see the spectrum without any colour in it 
and yet not too faint, the spectators should previously stay quite a 
while in the dark or at least ina dim room. In Figs. 1 and 2, Plate II? 
the writer has endeavoured to exhibit the appearance of the spectrum 
in twilight vision as contrasted with the coloured spectrum of higher 
intensity. 

The characteristics of twilight vision, as described here, enable us 
also to explain (as was done first by Lummzr’) an interesting phenome- 
non which was noted by H. Fr. Wreser.‘ He observed that when a 
body is heated to incandescence in the dark, usually it does not look 
red hot at first, but grey, “dull cloudy grey.” This grey glow appears 
at temperatures around 400°C. With rise of temperature there is the 
appearance of a yellowish-grey radiation, the yellow-green rays being 
particularly prominent under spectroscopic examination. According 
to Draper’ it is not until a temperature of 525° is reached that the 
red glow appears. Although the radiation consists mainly of waves of 
the lengths of red light, its intensity at 400° is not high enough to stim- 


1. Hintepranp, Uber die spezifische Helligkeit der Farben. Sitz.-Ber. Wien. Akad. 
XCVIII, Abt. 3. 1889. 8. 70. 

2 qAn instrument with rotating sectors for measuring changes in the intensity of the 
transmitted light, devised by Aupmrr. See footnote in Vol. III, towards end of §32. 
(JeBiCas)) 

50, Lummer, Grauglut und Rotglut. Verh. d. D. Physik. Ges. XVI. 121. 1897; 
Wieprem. Ann. LXII. 14. 1897. 

‘H. Fr. Weser, Die Entwicklung der Lichtemission gliihender fester Kérper. Sitz.- 
Ber. Akad. Berlin 1887. 9. June. Wiepem. Ann. XXXII. 256. 1887 

5 Amer. Journ. of Sc. (2) IV. 1847; Phil. Mag. (3) XXX. 1847; Scient. Memoirs 
p. 33. London 1878. 

*Plate II faces page 352. 
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ulate the colour sensitive mechanism, and yet, owing to the presence 
of rays of shorter wave-lengths, is sufficient to stimulate the twilight 
mechanism, which therefore mediates colourless light sensation, as it 
always does when it operates alone. Thus, as the temperature rises 
from 400° to 525°, the red portion of the total radiation is not in- 
creased in anything like the same proportion. On the contrary, with 
rising temperature, it is the middle and short-wave radiation that 
increases. But in consequence of the dark adaptation, the sensitivity 
of the eye is far better adapted to the medium waves (from yellow to 
green) than to the long red waves. It hardly needs to be said that a 
light-adapted observer, entering a dark room, cannot perceive the 
grey glow, and the first thing of the kind that he can see will be the 
red glow. He notices it about at the same moment as an observer who 
has been thoroughly dark-adapted beforehand, and who has been able 
to see the grey long before. 

Two observers, one fully dark-adapted, the other light-adapted, do not 
obtain the threshold for the red colour at exactly the same temperature of 
incandescence, the scotopic eye being a little superior to the photopic eye in 
this respect. The explanation is given by some experiments which the writer 
got Mr. Boswrit! to make. The threshold for the appearance of colour on 
a portion of a surface was determined, first, when the surface was illuminated 
simply by the coloured light, and second, when it was illuminated at the 
same time by a certain amount of mixed light. The regular result was that 
admixture of a slight amount of white light lifts a coloured light over the 
threshold when it is by itself below the threshold of visibility; the light 
appearing then in its specific colour. However, admixture of any light of 
appreciable twilight value, green light, for example, acts in the same way as 
the addition of white light. Moreover, by this addition a red light, say, 
that is below the threshold can be lifted above it. The eye being dark-adapted, 
naturally the green light acts longest on the colour-blind twilight mechanism 
before it has any effect on the mechanism that is sensitive to colour; and 
hence the complementary relation between green and red is not manifested 
at all, but simply the colourless part of the sensation, which to a certain 
extent paves the way for the perception of the coloured light, that is, the red 
light in this case. Obviously, this enabling influence can be exerted only by 
light stimuli whose intensities are themselves not far above the limit of per- 
ceptibility of the scotopic eye. 


4. The Purkinje Phenomenon 


We have seen that in the state of pure twilight vision the retina 
is not sensitive at all to the long red waves above 670 and is just sensi- 
tive to the shorter red waves. Under such circumstances, therefore, 
objects that are deep red must look perfectly black. In dim twilight 
the cap of a German infantryman, which is blue with a red band, does 
not look different from that of a sanitary officer with its dark blue band. 


1, P. Boswetx, Uber den Einfluss des Sattigungsgrades auf die Schwellenwerte der 
Farben. Zeitschrift f. Sinnesphysiologie. XLI, 364. 1906. 
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This lack of sensitivity to red light in the twilight mechanism is 
noticeable, however, not only in the case of pure isolated twilight 
vision, where all colouration disappears, but to a certain extent also 
in the much more frequent and complicated case when the two mecha- 
nisms of twilight vision and daylight vision both operate at the same 
time. This condition is very pronounced early in the morning at 
break of day. As a result of the preceding long spell of darkness, the 
sensitivity of the twilight mechanism that is characteristic of dark 
adaptation remains enhanced. The dim light is not yet sufficient to 
overcome dark adaptation and produce light adaptation. On the 
other hand, however, the light may already be strong enough to 
stimulate the daylight mechanism and therewith to mediate the sensa- 
tion of colour also. In most of the retina we must suppose the elements 
of twilight vision and daylight vision are so interlaced that in observing 
coloured areas of even moderate dimensions the functions of the two 
mechanisms are combined. We are accustomed to the function of the 
daylight mechanism; it is normal colour vision as it occurs in bright 
light. To that is now added twilight vision, with the peculiarities 
described above. The most remarkable one is the high stimulating 
action of the green and cyan-blue rays of medium wave-length, and 
the ineffectiveness of the red rays. In observing green and blue 
objects, the colourless or bluish sensation of twilight is associated with 
the specific colour sensations, and the colours are seen as if white or 
bluish white were actually mixed with them, and so they look both 
brighter and more unsaturated than when the bright colours with 
the same objective intensity of illumination are viewed by an eye that 
is not dark-adapted. The contrast between such objects and those 
which emit or reflect red light only is that, so far as the latter are con- 
cerned, there is no difference between the behaviour of the scotopic 
eye and that of the photopic eye. For the twilight mechanism these 
rays have no stimulating value, and so nothing is superadded to the 
effect produced on the daylight mechanism. 

The most striking consequence of this special position of the long 
waves in the combination of daylight vision and twilight vision must 
be, therefore, that red objects, and even orange ones, appear to be 
relatively darker than blue and green ones. This is familiar to every- 
body and is known as the PurKINJE phenomenon. The appearance 
of colours in the morning twilight was described by him as follows!: 
“Blue is what I saw first. The shades of red that are usually brightest 
in daylight, namely, carmine, vermilion, and orange, are for a long 
time the darkest, and not to be compared to their ordinary brightness.” 


1PurKINJE, Neue Beitrdge zur Kenntnis des Sehens in subjektiver Hinsicht. Berlin 
1825, S. 109-110. 
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The reason why Purxinyz speaks here of blue as being the brightest 
was perhaps due to an accidental choice of the coloured objects, among 
which the green must have been particularly dark. Thus in case of a 
spectrum that is dim but not too dark to be void of colour to a dark- 
adapted eye, the brightest part is not the blue, but the green, which 
of course looks whitish in the faint light that is there. The blue, 
violet, and yellow are also whitish and very unsaturated, all the 
more so, the more completely the eye is dark-adapted. The red alone 
is very dark and remains a saturated colour, not whitish. For a certain 
particular (quite weak) intensity of illumination of the spectrum and 
with a very thorough dark adaptation, almost the whole spectrum 
can be made to look as if tinged with bright blue, bordered only on 
one side by deep red. 

It is especially instructive to make these observations with only 
one eye dark-adapted. After staying in a fairly bright room with one 
eye tightly blindfolded, the observer enters the dark room where the 
faint spectrum is projected and looks at it first with the photopic eye 
and then with the scotopic eye. In the latter case it appears as 
described above, but of course for the photopic eye it lacks the bril- 
liancy and falling off in saturation in the portions corresponding to the 
medium and short wave-lengths, and the entire spectrum looks very 
dark but saturated everywhere; the brightest place being in the yellow, 
although under such conditions it looks more brown. 

Perfectly analogous observations may be made also with sets of 
coloured papers, bundles of wool, etc., but in such cases, owing to the 
lower saturation of the pigment colours, the characteristic difference 
in the individual colours is not so distinct. 

As is evident from what has been said, two factors are necessary 
for the production of the PurKkinJE phenomenon, namely, dark 
adaptation and low intensity of the stimulating light. Herrrne 
emphasized the importance of the state of adaptation, while HeLtm- 
HOLTz and A. Konic? paid more attention to the intensity-ratios. 
The two agencies must act together; and hence it is going too far 
to say, as Herne does (loc. cit., page 542), that Konia has written 
about the PuRKINJE phenomenon “without being aware of the main 
characteristic of it.’ The point that needs rather to be emphasized 
is that during most of the day there exists already a state of adaptation 
in which the PurKinJE phenomenon takes place, certainly always 
indoors. Under these conditions all that is necessary to produce it is 


1. Herina, Uber das sogenannte Purkinsesche Phinomen. Priticurs Arch. f. d. ges. 


Physiol. 60, 519. 
2 A. Konic, Uber den Helligkeitswert der Spektralfarben bei verschiedener absoluter 


Intensitat. Gesammelte Abhandlungen zur physiol. Optik. Leipzig 1903, No. 20, S. 144. 


360 The Sensations of Vision [304, 305. N. 


to change the intensity. Special measures are needed, as stated on 
page 318, to throw out the twilight mechanism for a time, and then 
it succeeds only for a brief space. By staying quite a long while in 
a room with ordinary moderate. illumination and then suddenly 
lowering the illumination considerably, all the conditions are present 
for obtaining the desired effect. If two large pieces of red and blue 
(or green) paper have been previously selected, so that in full daylight 
the red looks a little brighter, in the reduced Jight of the dark room 
the red piece appears darker at once. Of course, the change of luminos- 
ity is much increased by longer dark adaptation, but in the condition 
of the eye, which may be described as the usual one, the PURKINJE 
phenomenon can be induced by simply changing the intensity of the 
light. 

A particularly clear demonstration of the phenomenon can be 
made by projecting sufficiently large patches of red and blue light 
on a white wall; with some device (like an iris diaphragm, pair of 
Nicou prisms, or a rotating sector) interposed in the path of the light 
for reducing the illumination. The two coloured fields can then be 
shown in strong and weak illumination in rapid alternation; and every 
time they are darkened, the luminosity of the red falls off relatively 
much more than that of the blue. In this experiment also the effect 
is better when the observer has spent some time in the dark or in a 
dim room, because then the difference in the appearance of the pair of 
colours in strong and weak light will be more striking. But even with 
the state of adaptation produced in a moderately bright room, the 
phenomenon is quite distinct. 


In discussing the matters alluded to here, E. Hrrine! makes a distinction 
between two kinds of adaptations, which he calls Daueradaptation (or 
“time adaptation”) produced by long continued exclusion of light, and 
Momentanadaptation (or ‘instantaneous adaptation’), which occurs the 
instant. darkness begins. These terms are used also by Herrine’s pupil, 
TscHERMAK. But there is no exact definition of what is meant by “instan- 
taneous adaptation,” and consequently it is hard to say exactly what those 
writers have in mind when they speak of a process taking place at the instant 
darkness occurs. It is a known fact that the sudden darkening of the entire 
visual field has an appreciable effect on the appearance of a small bright 
object, because it modifies the light sensation both qualitatively and quanti- 
tatively. But there is a sharp distinction between these effects and those of 
“time adaptation.” If, prior to the beginning of ‘instantaneous adaptation,” 
the eye is thoroughly light-adapted, the PuRKINJE phenomenon never occurs. 
The latter effect is associated rather with the existence of some moderate 
degree at least of “time-adaptation’”’, such as occurs naturally in “indoor 
adaptation.’”’ Any matches of luminosity or colour as made by the eye in the 
state of maximum light adaptation are never invalidated by what Herne calls 


1 ®. Herina, Uber das sog. PurkinJEsche Phinomen. Priiigers Arch. f. d. ges. Physiol. 
LX. 1895. 
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““nstantaneous adaptation,” that is, by a sudden proportional dimming of both 
halves of the match or the total field. In the very nature of what we mean 
here by dark adaptation, and what Herine calls “time adaptation,” the 
most important factor is the functioning of a new stimulus receptor, working 
according to different laws from that of the daylight mechanism. We shall 
find a series of other differences in the way these two mechanisms operate 
besides those that have already been mentioned. But it must be pointed out 
here with special emphasis that the process of dark adaptation in the sense 
intended here is not equivalent to the idea of the simple increase of sensitivity 
of the retina in darkness; that is, to a purely quantitative change of sensitivity; 
but that a very fundamental quantitative variation of the retinal function, 
most plainly indicated by the occurrence of the PurKINsE phenomenon, is an 
integral permanent part of the concept of “dark adaptation.” The term 
“adaptation of the retina” was used first by AuBERT. Doubtless, he was not 
then aware of the close connection between the quantitative and the qualita- 
tive variations of the sensitivity of the retina in darkness. But the parts of 
the process of adaptation which he studied are just those that are inseparable 
from the characteristic conditions of Purkinsn’s phenomenon. It is jus- 
tifiable, therefore, to apply the term “dark adaptation” to the whole compli- 
cated process. 

What Hrrina may have meant by “instantaneous adaptation” is not 
related to those matters at all, or very distantly anyhow; so that the use of 
this expression results simply in confusion. If the PurKINsE phenomenon is 
observed immediately by an eye when it is suddenly darkened after having 
been in a state of medium adaptation (or indoor adaptation, as we called it 
above), then (to stress this point again) this is the direct consequence of the 
darkening and the direct consequence of the fact that a moderate time adap- 
tation had already occurred previously, but it does not indicate that the 
instantaneous darkening has induced a process in the eye that is essentially 
like that caused by long continued darkness. 


5. Absence of the Purkinje Phenomenon in the Fovea Centralis 


In a central region of the retina corresponding to a visual angle 
of about 1° 30’ the PurKinJE phenomenon cannot be elicited by any 
means whatever.! This area, as will be seen presently, corresponds 
pretty nearly to the fovea in the most central part of the retina where 
there are no rods at all. The anatomy of the fovea is extremely hard 
to determine. It is easy to see why this is the case in the light of what 
G. Fritscu? tells us concerning the extraordinary diversity in the 
morphological formatica of the centre of the retina. However, what 
seems to be universal in all normal eyes is a central region where the 
visual epithelium is composed of nothing but cones, without any rods 
in between them. In line with this definite anatomical result there is 
the physiological fact, that there is a central place where the PURKINJE 
phenomenon cannot occur, and which, if it is capable of adaptation at 
all, certainly does not show any of the characteristics of it that have 


19See L. T. Troxanp, Apparent brightness; its conditions and properties. Trans. 


Tllum. Engineer. Soc. 1X. 1916, 947-966. (H. L.) 
2G. Fritscu, Uber Bau und Bedeutung der Avea centralis des Menschen. Berlin 1908. 
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been described above.! Thus what is intended here in speaking of the 
fovea is always the region that is devoid of rods.” 

It is extremely easy to verify the absence of the PuRKINJE phenom- 
enon in this region. Perhaps the most striking way of doing this is by 
the method employed first by O. Lummerr.’? Two large pieces of 
coloured paper or cloth, from a half to three quarters of a square metre 
in size, one red and the other blue or green, are attached to the wall of 
the dark room, touching each other along a straight line. The colours 
are so selected that by bright gaslight or Argand burner the red looks 
to the normal eye distinctly brighter than the blue. The observer, 
supposed to be sufficiently dark-adapted, stands about five or six 
metres away and looks at the coloured areas. If the illumination is 
considerably lowered, the PURKINJE phenomenon appears immediately 
most distinctly, the red becoming deep black red and the blue bright 
bluish white. With further decrease of illumination still, the colour of 
the red surface entirely disappears and looks then dark grey or even 
black. But for the purpose of the present experiment the illumination 
should be lowered just far enough for the red still to show colour dis- 
tinctly. The coloured field is then covered by a black curtain leaving 
just a small circular area exposed, half of it being red and the other 
half blue. This exposed area should subtend an angle of about one 
degree from where the observer stands. As long as the observer con- 
tunues to look straight at this little spot, even with the dim illumination, the 
red sems to him to be brighter than the blue; in other words, the PURKINJE 
phenomenon is absent. But if he looks ever so little away from this 
spot, the blue comes out with a whitish glow distinctly bright. As 
soon as the curtain is raised again, immediately the marked difference 
of brightness in the large field isseen. This alternation can be repeated 
as often as desired. 

The only precaution to be taken is not to lower the illumination 
until the red disappears. The small red field readily attracts the 
attention and so insures the formation of the image in the fovea. 
Otherwise, an inexperienced observer might very easily let his eye 
wander and thus obtain a “‘parafoveal” image on parts of the retina 
where there are rods. Dichromats and anomalous trichromats are 
more apt to fail with this experiment than those with normal colour 
vision, because the dim red is not such a striking colour to them and 
does not hold their attention. Of course, the experiment can also be 
carried out in another way by using a lantern and glass filters to project 

1 See S. Huecut, loc. cit. (H. L.) 

2 qW. pe W. Asney and W. Watson, loc. cit. (H. L.) 


30. Lummer, Experimentelles tiber das Sehen im Dunkeln und Hellen. Verhandl. d. 
Deutschen physik. Gesellschaft. VI. No. 2, 1904. 
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a coloured field on a white wall. A pair of Nrcor prisms is employed 
for reducing the illumination, and the field is contracted by the inser- 
tion of a diaphragm. A similar effect can be obtained very well also 
by using the spectrophotometer and pure homogeneous colours; 
provided the instrument will give a field of at least 4° in extent (from 
10° to 12° is better) which can be conveniently stopped down. 

These methods are somewhat unsatisfactory because the two halves 
of the field are illuminated by light that cannot be compared exactly 
as to brightness on account of the difference of colour. The red has 
to be such that with brilliant illumination it is undoubtedly brighter 
than the blue, and, on the other hand, the dark adaptation must be 
sufficient. 

The experiment can be performed in a much more conclusive way 
on a dichromat, especially if he is what is called green-blind. For with 
a subject of this sort it is possible to find two kinds of light that match 
perfectly as to colour and yet show a very considerable difference in 
their twilight values. Red of wave-length 670uu or longer and green 
of wave-length 545upy are two such radiations. In HErELMHOLTz’s 
spectrophotometer these colours can be thrown on a 7° field, and can 
be made to match perfectly by the colour-blind eye thoroughly light- 
adapted. Now if dark adaptation is produced (or has been produced 
already by bandaging one eye), and the intensity of both halves of the 
field at the same time is considerably lowered (say, to one fortieth), the 
match is gone completely, the green showing up bright and whitish. 
If now the visual field is gradually contracted by means of an iris 
diaphragm, the difference between its two halves is very slight even 
at a diameter of 3° and disappears entirely at about 1° 30’. The eye 
may have been dark-adapted for any length of time, and any total 
intensity of the field may be chosen; but the colour match remains good 
under all circumstances, provided the eye looks steadily at the centre 
of the field. If the line of fixation deviates as much as one or two 
degrees, it is enough to make the whitish glow appear again in the 
green. 

Very similar tests can be made by making a match between blue- 
green, about 500uu and a purple mixture (say, 650+460uu). The 
homogeneous (blue-green) side of this match has the greater twilight 
value, and therefore on a large field looks brighter and whiter to the 
scotopic eye. The twilight value of the homogeneous light is about 
25 times that of the mixed light. In the previous red-green match the 
ratio between the twilight values (on the supposition that there are no 
red waves shorter than 670) is at least 1000:1. 

It is not possible for observers with normal colour vision to make 
true colour matches when the difference of twilight values of the two 


364 The Sensations of Vision (307, 308. N. 


halves of the field is even nearly so much as the above. The very 
highest ratio is 6:1. This is the case with matches between different 
spectral white mixtures, one half of which is white obtained by mixing 
red and blue-green, the other being a mixture of yellow and indigo. It 
was by using such white mixtures that it was first ascertained that the 
matches did not last when the intensity of illumination was varied. 
This result was obtained independently and almost at the same time 
by Curistine LApp-FRANKLIN! and H. Essineuavus.? Their tests 
were made with colour-blind persons. A. TscHERMAK® extended these 
experiments by testing persons with normal colour vision; and accord- 
ing to him colour matches of this kind were not valid for the 
foveal region of the retina, supposing dark adaptation had been suf- 
ficiently long continued. But under the given condition v. Krizs and 
the writer‘ were not able to find a single instance where a match that 
had been made at high intensities was not valid in the fovea of the 
scotopic eye. 


Kostrrr® and SHERMAN® have likewise maintained the existence of the 
PURKINJE phenomenon in the fovea, but there are considerable possibilities 
of error in the methods they used. The question as to whether there are any 
traces of the phenomenon in the fovea and what would be the significance of 
it, will be considered later. It will be sufficient to say here that in the writer’s 
opinion it has not been proved that the PURKINJE phenomenon occurs in the 
part of the retina where there are no rods. 


The srze of the central area of the retina where the PURKINJE phe- 
nomenon does not occur can be determined with some degree of accuracy 
by making as perfect a spectral match as can be between two halves of 
the field whose twilight values are as far apart as possible, first, with 
a light-adapted eye, and then with the eye dark-adapted. If the field 
is greater than 2°, the dark-adapted eye detects immediately the 
inadequacy of the match. By means of an iris diaphragm the size 
of the field is now quickly diminished (to between 1° and 2°) until 
the two halves again match. A measurement of this sort cannot be 


1C, Lapp-FRranx.in, On theories of light sensation. Mind. (N.S.) II. No. 8, 473- 
490, 1893. 

*H. Espincuaus, Theorie des Farbensehens. Zeitschr. f. Psychol. u. Physiol. der 
Sinnesorgane V. 145-238, 1893. 

3 A. TscuprMak, Uber die Bedeutung der Lichtstirke und des Zustandes des Seh- 
organs fiir farblose optische Gleichungen. Priitgers Arch. f. d. ges. Physiologie. LXX, 
297-328, 1898. 

‘J. v. Krres and W. Naaru, Zeitschr. fiir Psychol. und Physiol. der Sinnesorgane. 
XXIII. S. 162. 

5 W. Kosrmr, Untersuchungen zur Lehre vom Farbensinn. Grares Arch. f. Ophth. 
XIV. 1895 and Arch. d’opht. XV. 1895. 

‘°F. D. Saerman, Uber das Purxinsesche Phinomen im Zentrum der Netzhaut. 
Wonpts philosoph. Studien XII1. 1898. 
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made very accurately, because naturally the effect of the slightest 
movements of the eye, involving displacements of the image on the 
central region of the retina, will be to make the size of the field seem 
to be too small. 

Very much more accurate results were obtained by v. Krims and 
the writer! by a method for the details of which the original publication 
must be consulted. In the case of the writer’s right eye (after being 
dark-adapted by bandaging it tightly for many hours) the Purkiye 
phenomenon was found to be absent in a region of the retina whose 
horizontal extent was 107’. In the left eye it was 88’. In the right eye 
the vertical extent was 81’. In the writer’s case the point used for 
fixation is not in the centre of this region, but a little to one side. In the 
right eye the region in question extends from the point of fixation more 
to the temporal side, and in the left eye more to the nasal side; that is, 
it is not symmetrical in the two eyes. The longer the dark adaptation, 
the sharper was the line of demarcation between the central region 
where the PurKINJE phenomenon did not occur and the surrounding 
retina where it was manifested. 


6. The so-called Colourless Interval 


In recent literature on the visual sensations there is a lot of dis- 
cussion of “the colourless interval.’”? It comprises a certain range of 
low degrees of intensity within which the stimulating light is visible, 
but the quality of the sensation is too indefinite for any colouration to 
be perceived. The actual existence of such an interval is implied in 
what has been already stated, at least for the state of dark adaptation 
and more extensive areas of the retina. Indeed the possibility of seeing 
a dimly illuminated spectrum without colour when the eye is dark- 
adapted depends on it. Another way of expressing this fact is by saying 
that coloured lights whose intensity is increased from zero intensity 
cross first the ‘absolute’ (Burz’) or “general” (v. Kriss‘) threshold, 
but need to be at higher intensity before crossing the “specific” 
threshold where they are discerned as coloured. 

The question as to whether all lights that appear coloured at high 
intensity exhibit a colourless interval; has been variously answered. 


1 J. vy. Kries and W. Naas, Weitere Mitteilungen tiber die funktionelle Sonderstellung 
des Netzhautzentrums. Zeitschr. f. Psychol. und Physiol. der Sinnesorgane X XIII. 167-186. 

2 |See W. pp W. Asney, Researches in colour vision (1913); and Asnry and Watson, 
loc. cit. (H. L.) 

See also H. D. Parsons, loc. cit. p. 60. (J. P. C. 8.) 

? Untersuchungen iiber die physiologischen Funktionen der Peripherie der Netzhaut. 
Dissertation, Dorpat 1883. 

4 Naaets Handbuch der Physiologie des Menschen. Bd. III. 8. 19. 1905. 
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PaRINAvD states that red is seen as red as soon as it rises above the 
threshold; and also K6nre and v. Kriss are inclined to think that the 
general and specific thresholds for homogeneous red are identical. But 
CHARPENTIER, Koster, Hrrinc, and TscHERMAK maintain the 
existence of a colourless interval for red light also. This difference 
of opinion is easily accounted-for by taking into consideration the 
distribution of the twilight values in the spectrum, as given above 
(p. 352). Beginning at the border between red and orange, say, from 
wave-length 650uu on downwards, homogeneous kinds of light have 
measurable twilight values, which means, in other words, that they 
must show a colourless interval. But for wave-length 670 the twilight 
value is already almost too small to be measured, and the almost 
imperceptible real effect on the twilight mechanism of the eye would 
perhaps disappear entirely if filters were used to exclude from the 
field every vestige of Jight of wave-length shorter than 670uy. Even 
in the most accurate measurements hitherto this has not been done, 
owing to the technical difficulties. The twilight value of light of 
greater wave-length still, say between 680 and 700, definitely vanishes, 
and hence there cannot be a colourless interval for these radiations. 
Now red light of long wave-length by itself is never obtained with 
pigments, and it is only by special precautions that it can be obtained 
with light filters. Owing to this circumstance, an observer can easily 
be made to believe that there is a colourless interval for red light also. 
But from what has been said this is true only for the shortest red 
waves on the border of orange, and even here there is just a faint 
trace of this effect. 

Opinion is also divided as to whether the colourless interval can be 
observed in the centre of the retina where there are no rods. Here 
again CHARPENTIER, Koster, and TSCHERMAK are among those who 
believe this to be the case; while Parrinaup, K6nic, and v. Kriss 
state that spectral lights are coloured as soon as they rise above 
threshold value (with the possible exception of greenish yellow of 
580uu, according to Konia). The writer himself is a dichromat, and of 
course in his case there is no chance of observing a colourless interval 
except with the brilliant hues of red, orange, blue and violet. With 
fields of appropriate size for being imaged in the region of the fovea 
centralis (that is, with visual angle of about one degree), lights of this 
kind above the threshold always look coloured to dichromats. The 
writer finds the same thing with persons who are not colour-blind, 
although in their case there is also no colourless interval for green. He 
has not made any tests with yellow light. 

In observations of this nature the same difficulties are Brcounrered 
as in deciding whether or not the PurK1NJE phenomenon occurs in the 
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fovea. The trouble lies in the foveal fixation of the coloured field. 
Without having a point of fixation to rivet the observer’s attention, 
there is much risk of his first seeing the image of the coloured field as 
formed on the parts of the retina outside the fovea coming over the 
threshold, and of course the image then will be colourless (unless the 
light happens to be red of short wave-length). 

From the theoretical standpoint it is of slight interest whether, 
under any conditions at all, some indication of a colourless interval 
likewise in the foveal part of the retina could be shown for homogeneous 
spectral lights. What is more important and more certain is the fact 
that it can simply be a question of some vestiges of such an effect, not 
to be compared with the pronounced phenomenon that is observed 
in the dark-adapted peripheral retina. 

For larger areas of the retina that have been completely light- 
adapted, the colours or at any rate red, orange, green, blue and violet 
appear immediately at the specific threshold. It is easy to verify this, 
because in this case there is no necessity of local fixation. Of course, 
such fields cannot be observed with the entire retina, because it is 
practically impossible to bring the whole retina to a state of complete 
light adaptation. 

Suppose a person, after having been thoroughly light-adapted, 
enters a dark room where there is a blue or orange coloured surface of 
suitable size subtending an angle of from 10° to 20°. If the illumina- 
tion is steadily increased from sub-liminal to super-liminal values, the 
deeply saturated colour will come out from the blackness. This ob- 
servation can be repeated several times during the first minutes of 
darkness. But then a change occurs quite suddenly. The threshold is 
lowered and at the same time the colour becomes less saturated; and 
after a quarter of an hour the sensation produced by sub-liminal 
stimuli is no longer that of the specific colour but that of the vague 
almost colourless super-liminal hue. There are also other changes. 
During the first few minutes if the coloured surface is visible at all, it is 
sharply outlined; and if, for example, it is a square, it is immediately 
recognized as being such. In the later stage of the adaptation the 
borders of the surface that is illuminated just above the threshold are 
vague and confused, and the longer the dark adaptation continues the 
more hazy the outline becomes. During the first minutes after light adap- 
tation vision takes place by means of the daylight mechanism, enabling us to 
discriminate colour and to have keen perception of form, but requiring 
comparatively strong light stimuli; but during the later stages, at takes 
place by means of the colour-blind twilight mechanism in which recognition 
of form is vague, but which is extremely sensitive to light. It 1s only when 
the sensitivity of the twilight mechanism has been so increased during the 
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process of adaptation that it exceeds that of the daylight mechanism for 
the light used in the test, that the conditions are produced for the appear- 
ance of the colourless interval. 

In this connection, it should be recalled that the “grey glow” of 
incandescent bodies cannot be seen unless the eye is dark-adapted. For 
the photopic eye the glow is red to begin with. Anyhow the grey glow 
is never seen in the centre of the retina. 


7. Capacity of the Retina for Space and Time Discriminations, in 
Daylight Vision and Twilight Vision 

In ordinary daylight vision the ability to make space discrimina- 
tions, or what is usually meant by the ‘‘visual acuity”’, is greatest in the 
fovea by far. Even a few degrees to one side of the point of fixation it is 
quite a good deal less (see page 34). The approximate form of a curve 
constructed according to Dor’s measurements! is shown in Fig. 69, 
where the ordi- 
nates indicate the 
visual acuity and 
the abscissae de- 
note the distances 
in degrees from 

_ the point of fixa- 
tion designated by 
F. According to 
BurcHARDT’, the 
visual acuity at 
places from 15’ to 


40° 50° 20° 100% 1695 I go ove 20° 30° 


40° 


Fig. 69. 20’ away from the 


Local variation of the visual acuity of the retina (according 


to Dor). point of fixation 


was equal to the 
maximum value, but at a distance of 30’ it was only 80 or 50 percent. 
of the maximum. 

With the enormous superiority of the fovea in the matter of visual 
acuity, it goes without saying that the visual acuity in pure twilight 
vision, where the fovea is excluded as a result of “physiological 
hemeralopia”, will under all circumstances remain far below the 
maximum acuity of daylight vision. Indeed, strictly speaking, visual 
acuity in bright daylight cannot be compared with that in twilight 
vision, because it is dependent on the luminosity of the test chart; in 
other words, the visual acuity diminishes within certain limits as the 


1 Archiv. f. Ophthalm. XIX. 3. 8. 321. 1873. 
> Burcuarpt, Internationale Probe zur Bestimmung der Sehschérfe. Berlin 1893. 


N. 311, 312.] B. Duplicity Theory and Twilight Vision 369 


luminosity decreases. And even when the eye is thoroughly dark- 
adapted, the subjective brightness can never be so great as it is in 
daylight vision in bright light, without its rising above the threshold 
of foveal sensitivity and therewith crossing the border between twilight 
vision and daylight vision. However, a comparison may be made be- 
tween the visual acuity of a scotopic eye and that of a photopic eye by 
making observations on the two eyes, either when the objective in- 
tensity of illumination is the same for both eyes in different states of 
adaptation, or when the subjective brightness is the same. In the 
latter case the objective illumination of the test chart must be much 
smaller for the scotopic than for the photopic eye. Experiments of 
this kind were made by Bioom and GarTEN.! When the illumination 
is very low, their results are that the visual acuity of the dark-adapted 
periphery is somewhat higher than that of the photopic eye for the 
same illumination ; but that when the iJumination is slightly increased, 
the visual acuity of the photopic eye is the superior of the two. For 
approximately the same subjective brightness, these authors found 
the visual acuity of the scotopic eye was invariably less than that of 
the photopic eye; but v. Krrms?found it to be the same in the periphery 
for both conditions of adaptation. The essential point is that, whatever 
the differences may be, they are anyhow insignificant as compared with 
the differences between the absolute maxima of visual acuity of the 
photopic eye and the scotopic eye. 

The quantitative connection between visual acuity and the intensity 
of illumination is shown by the measurements made by A. Konia.’ 
The test-objects used in these experiments were SNELLEN’s hook- 
shaped characters, painted black on a white background. The state 
of adaptation always corresponded to the intensity; that is, the more 
complete the dark adaptation was, the weaker was the illumination. 
The results are shown in Table XIII. The figures in the first column 
give the intensity of illumination B, the unit being the intensity of a 
Herner lamp one metre away. The third column gives the values of 
the visual acuity S expressed in terms of the ordinary SNELLEN unit. 
It is evident from the table that a curve plotted by taking the intensities 
B as abscissae and visual acuities S as ordinates would not enable us to 
get a very good idea of the connection between these magnitudes, 

1§, Buoom and S. Garten, Vergleichende Untersuchungen der Sehschiirfe des hell- und 
dunkeladaptierten Auges. Pruticmrs Arch. f. d. ges. Physiol. LX XII. 372, 1898. 

2J. vy. Krms, Uber die Abhingigkeit centraler und peripherer Sehscharfe von der 
Lichtstirke. Zentralbl. f. Physiol. VIII. 694, 1895. See also: Burrmann, Untersuchungen 
tiber Sehscharfe. Diss. Freiburg i. B. 1906. 

3A. Konia, Die Abhingigkeit der Sehschirfe von der Beleuchtungsintensitat. Sitz. 


Ber. Akad. Wissensch. Berlin. 13. May 1897. S. 559-575; and Gesammelte Abhandlungen 
8. 378. 
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Table XIII (results of A. K6nie) 


B log B S B log B S 
0.00036 0.56—4 0.031 1.03 0.01 | 0.692 
0.00037 0.57—4 0.046 1.16 0.06 0.564 
0.00037 0.57—4 0.038 1.19 0.08 0.596 
0.00038 0.57—4 0.038 1.38 0.14 0.615 
0.00063 0.58—4 0.046 1.38 0.14 0.577 
0.00087 0.80—4 0.055 1.76 0.24 0.692 
0.0013 0.944 0.055 2.14 0.33 0.744 
0.0022 0.11—3 0.077 2.20 0.34 0.795 
0.0023 0.35—3 0.062 2.20 0.34 0.795 
0.0034 0.36—3 0.092 2.28 0.36 0.923 
0.0034 0.53—3 0.062 2.37 0.37 0.744 
0.0043 0.53—3 0.062 2.97 0.47 0.667 
0.0048 0.63—3 0.077 3.95 0.60 0.769 
0.0080 0.68—3 0.088 4.64 0.67 0.654 
0.0086 0.90—3 0.088 6.06 0.78 0.846 
0.0091 0.93—3 0.096 6.81 0.83 1.115 
0.0096 0.96—3 0.092 6.81 0.83 1.038 
0.010 0.98—3 0.096 9.97 1.00 1.115 
0.012 0.00—2 0.092 12.88 1.11 0.866 
0.013 0.08—2 0.088 13.6 1.13 1.000 
0.032 0.12—2 0.123 13.6 1.13 0.982 
0.035 0.51—2 0.123 13.6 1.13 0.963 
0.035 0.54—2 0.123 13.6 1.13 0.872 
0.037 0.54—2 0.132 14.1 1.15 1.192 
0.051 0.56—2 0.154 15.7 1.19 1.054 
0.068 0.71—2 0.154 16.0 1.20 1.192 
0.069 0.83—2 0.176 20.6 1.31 1.100 
0.11 0.84—2 0.185 26.1 1.42 1.093 
0.12 0.04—1 0.242 26.7 1.43 1.154 
0.13 0.09—1 0.205 28.3 1.45 1.262 
0.15 Onis—=1 0.231 47.5 1.68 1.308 
0.15 0.16—1 0.205 51.2 1.71 1.430 
0.15 O1ent 0.231 54.5 1.74 1.169 
0.16 0.18—1 0.200 80.0 1.90 1.313 
0.18 0.19—1 0.246 94.5 1.98 1.458 
0.20 0.27—1 0.231 1197 — 2.08 1.540 
0.22 0.30—1 0.308 ee 2.09 1.437 
0.22 0.33—1 0.262 (oR ya 2.09 |! 1.283 
0.22 0.34—1 0.308 168.— gros acetal 
0.22 0:34.43 0.277 264.— 910. 4 ee SOS 
0.24 0.38—1 0.269 264.— 2.42 | 1.556 
0.28 0.45—1 0.286 316 2.50 1.600 
0.29 0.46—1 0.308 494. — 260 as £667 
0.34 0.53—1 0.346 645.— Fgh OM pRaas 
0.35 0.55—1 0.320 20 hip 2.90 1.723 
0.36 0.56—1 0.338 824. — 2.92 1.662 
0.36 0.56—1 0.359 $78.25 Doesnt Lyricie'700 
0.41 0.61—1 0.461 1042. — 3.02 1.744 
0.41 0.61—1 0.374 1082. — 3.03 1.631 
0.44 0.64—1 0.410 1261.— 3.10 vyinPinidO43 
0.44 0.64—1 0.400 1975. — 3.50 | = 1-660 
0.50 0.70—1 0.462 2346. — Sis7olpretez03 
0.52 0-711 0.462 2500. — 3.40, | 1.708 
0.67 0.83—1 0.423 251d" 3.550 Wie AeLS700 
0.67 0.83—1 0.523 VANS 3.87 1.651 
0.88 0.94—1 0.558 MEL 3.87 1.708 
0.91 0.96—1 0.615 7900.— pie Gabel pice 
0.95 0.98—1 0.538 14040. — 4.15 1.708 
0.99 0.99—1 0.500 31590. — 450. whe 3738 
1.00 0.00 0.596 64480.— 4.81 1.750 
1.03 0.01 0.558 | 
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because if the high values of B are to be indicated clearly, the smaller 
values would all be crowded very close together. And so Kén1G em- 
ployed the convenient method of plotting the logarithms of the in- 
tensity as abscissae, which shows the connection between the intensity 
of illumination and the visual acuity in an extremely simple fashion. 
The curve (Fig. 70) is composed of two tolerably straight portions 
which meet each other at an obtuse angle. The break in the curve 
occurs at an intensity of 0.1 metre-candle. Thus, as the luminosity 
increases, visual acuity in- 
creases at first in proportion 7 
to the logarithm of the 7, 
luminosity, and then for a _ 
short interval the relation ” 
is more complicated; but 72 
soon after the increase be- 
comes again proportional to ” 
the luminosity, but the ratio 70 
between the two is now 
much larger, as shown by 
the steep portion of the 98 
curve. In the equation 
S=alogB the factor a is 
about 10 times as large for 96 
the steeper gradient of the », 
curve. ’ 
A white surface illu- 9% 
minated by one-tenth of a 93 
metre-candle is not far from 
the threshold of daylight a2 
vision. Thus the portion of 97 
the curve that lies to the I 
left of the abscissa0.1corre- 9% 9000/Q001 Goi G1 7 1% 100 1000 1000 


sponds about to the range Fig. 70. 
of twilight vision. On the Functional connection between visual acuity and 


5 the logarithm of the intensity of illumination. 
other hand, it was stated 


above (page 318) that a white surface illuminated by one metre-candle 
or more was above the threshold of an eye that has been light-adapted 
by bright light. This part of the curve therefore lies definitely within 
the region of daylight vision. As to the intervening segment comprised 
between intensities of one-tenth and one metre-candle, it may be con- 
sidered as representing the case of daylight vision that has not been 
dulled by very high intensities of light. Perrz! found the threshold of 

1In the article by v. Krizs “iiber die absolute empfindlichkeit usw.” Zeitschr. f. 
Psychol. u Physiol. der Sinnesorgane XV. 1897. 
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foveal vision to be the luminosity of a magnesium oxide surface illu- 
minated by 0.033 metre-candle. At this intensity the curve, as shown 
in Fig. 70, begins to bend into the steeper branch, and here for the first 
time the daylight mechanism is appreciably involved, until when the 
intensity gets to be about ten times as great, it is the sole factor in the 
power of the retina to make space-discriminations. Thus it may be said 
that at the border between twilight vision and daylight vision there is 
some sudden change in the relations between intensity of illuminations 
and visual acuity, the daylight mechanism being dependent on the in- 
tensity of illumination in a much greater proportion. 

’ Likewise there are marked differences between the photopic 
mechanism and the scotopic mechanism with respect to the duration 
and course of the process of stimulation. It is true we are not yet in a 
position to describe exhaustively the course of the stimulation in the 
two cases. However, it may be stated that the sensational response to 
a short-lived stimulus is more sluggish with the scotopic mechanism 
than with the photopic mechanism. This is shown most distinctly by 
rapidly intermittent stimulation ; for example, by interposing a rotating 
sectored disc between the source of light and the eye, or simpler still, 
a rotating disc with alternating black and white sectors. As the speed 
of rotation, slow to begin with, is gradually increased, the sectors, 
which at first can clearly be distinguished, become more and more 
indistinct, the alternation from bright to dark being perceived merely 
as so-called “‘flicker’’, until finally at a certain speed the disc appears 
a uniformly steady grey. Knowing the angular speed and the number 
of sectors, the number of interruptions can be calculated at which 
flicker just ceases. It is true it is not altogether easy to determine this 
limit, because the direction of fixation must be kept constant, and the 
observation has to be made with a visual angle that it is not too large, 
say, from 3° to 5°. For the latter purpose, the greater part of the 
rotating disc can be covered with an opaque surface with an aperture 
of the correct size. 


1 (For recent accounts of flicker the following may be consulted: 

H. Brnper, Untersuchungen am Lummer-Prinesuermschen Spectralflickerphoto- 
meter. Ann. d. Physik. XLV. 1914. 105-132.—W. W. Costuntz and W. B. Emerson, The 
relative sensibility of the average eye to light of different colors, and some practical ap- 
plications to radiation problems. Bull. Bur. Stand. Sci. paper No. 303. 1917. 167-236.— 
E. C. Crirrenven and F. K. Ricurmymr, An average eye for heterochromatic photometry 
and a comparison of a flicker and equality of brightness photometer. Bull. Bur. Stand. XIV. 
1918. 87-114. — U. Essucxe, Uber das Augenblicksehen II. Uber das Sehen im Flimmer- 
licht. Prutigers Arch., 1920, CLXXXV. 181-195.— Idem, Uber das Sehen im Flim- 
merlicht, Prutcrers Arch CLXXXYV. 1921. 196-223. — C. E. Frrren and G. Rann, 
Flicker photometry. I. The theory of flicker photometry. II. Comparative studies of 
equality of brightness and flicker photometry with special reference to the lag of visual 
sensation. Trans. Illum. Engin. Soc, 1922. 50 pages. — H. E. Ivzs, Studies in the 
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HELMHOLTZ states (page 213) that with a disc of alternate black 
and white sectors of equal width illuminated by the strongest lamp- 
light, the flicker ceases for him when the stimulus from a single sector 
lasts for one forty-eighth of a second; and under the illumination of 
the full moon, when the stimulus lasts one twentieth of a second. 

This relation between the brightness of the light and the number of 
interruptions at which flicker is abolished. is easily explained. The 
black portions of a colour-top of this sort cannot be considered as being 
absolutely black. Some light is reflected from them, although of 
course much less than that reflected from the white portions. When 
the illumination is diminished, the observer gets the impression of a 
stationary disc with greater diminution in the brightness of the white, 
which gradually changes to dark grey becoming more and more like 
the black. This colour acting on the eye alternately with the black 
fuses with it more easily, that is, for fewer alternations, than a pure 
white would do. The careful measurements made by SCHATERNIKOFF 
show that the fusion frequency, as v. Kries calls the number of 
revolutions necessary to make flicker disappear, depends not only on 
the absolute objective intensity of the light, but also on the subjective 
brightness of the white as determined by the state of adaptation. As 
long as the conditions of twilight vision are completely or at least very 
approximately maintained, the fusion frequency increases with increas- 
ing dark adaptation, since the same effect for the brightness of the 
white is produced in this way as would be produced by objective in: 
crease in the intensity of the light. 

ScHATERNIKOFF also compared the fusion frequency of the photopic 
eye with that of the scotopic eye, his method being similar to that used 
by Bioom and GaRTEN (loc. cit.) in their visual acuity tests; that is, by 
obtaining a brightness that was subjectively the same for the eye in 
both states of adaptation, the objective illumination being therefore 
very different for the two cases. Even under these conditions the 
photopic eye requires a greater frequency than the scotopic eye, and 
hence the decrease of the fusion frequency when the illumination is 
low cannot be attributed simply to the decrease of illumination of the 


photometry of lights of different colors. Phil. Mag. 6th Ser., XXIV. 1912. 149-188; 744- 
751; 853-863. —H. E. Ivzs and E. F. Kinassury, The theory of the flicker photometer. 
Phil. Mag. 6th ser. XXVIII. ,1914. 708-728; XXXI. 1916. 290-3822.—H. E. Ives, A 
polarization flicker photometer and some data of theoretical bearing obtained with 
it. Phil. Mag. 6th Ser. 1917. XX XIII. 360-380. — Idem, Hue difference and flicker photo- 
meter speed. Phil. Mag., 6th Ser. XXXIV. 1917. 99-112. — Idem, Critical frequency 
relations in scotopic vision. Jour. Optical Soc. Amer., VI. 1922, 254-268.—Idem, A 
theory of intermittent vision. Jour. Optical Soc. Amer. VI. 1922. 343-361. — E. Tauren, 
Das Lummer-PrinasHeErmsche Spectral-Flickerphotometer als optisches Pyrometer. Ann. 
d. Physik, XXXIII. 1910. 1139-1160. (H. L.) 
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white, but we must assume that the operation of the mechanism of 
vision depends on other factors besides. ScHATERNIKOFF found that 
the fusion frequencies of the photopic eye and the scotopic eye were 
in the ratio of 5 to 3. For as exact a match as possible, as to both 
brightness and colour, the writer has obtained bigger differences, 
with his eyes in the two states of adaptation. Discs like those described 
by HetmHo.tz in connection with Fig. 42 are convenient for observa- 
tions of this kind. Experimenting with this apparatus, with one eye 
thoroughly dark-adapted and the other light-adapted, the writer found 
that the speed of rotation could be so regulated that for the photopic 
eye there is no flicker at all in the outside ring, Jittle in the middle, and 
distinct flicker in the central ring; whereas the entire disc was free 
from flicker so far as the scotopic eye was concerned. The brightness 
was the same under the two conditions. 

Without paying special attention to the state of adaptation, 
Porter! compared the fusion frequencies for a series of different 
intensities of illumination from the highest to the lowest, and obtained 
the remarkable result that the relation between the frequency and the 
intensity of illumination can be expressed by a curve composed of two 
approximately straight portions meeting each other at an angle, similar 
to the curve in Fig. 70 which represents KOn1G’s measurements of visual 
acuity. In each of the straight portions the fusion frequency increases 
in proportion to the logarithm of the intensity, the factor of pro- 
portionality, however, being different for the two branches. 

The similarity between the two curves, as v. Krizs? has pointed 
out, becomes still more perfect when the intensity is noted at which 
the bend in the curve occurs. This intensity, at which there is suddenly 
a new relation between intensity of light and spatial and temporal 
power of discrimination, turns out to be in fact practically the same 
in both cases, being the illumination of a Herner lamp at a distance 
of one-tenth of a metre in KOniq@’s experiments and that of a standard 
candle at a distance of one-eighth of a metre in PorTER’s experiments.’ 

Aside from the fusion of periodic luminous stimuli, the time rela- 
tions in a single brief stimulation are likewise of interest in connection 
with the duplicity theory. These quite complicated phenomena are to 
be described hereafter. It will appear then that although it is not yet 
possible to give a complete explanation of them, still they present a 
number of characteristics indicating with much probability a difference 


1 Proceedings of the Royal Society, London, LXX. 313. 

2 J. vy. Kris, Uber die Wahrnehmung des Flimmerns durch normale und durch total 
farbenblinde Personen. Zeitschr. f. Psych. u. Physiol. d. Sinnesorg. XXXII. 113; and 
Abhandlungen zur Physiol. d. Gesichtsempfindungen. Drittes Heft 1908. 

5 {See J. H. Parsons, loc. cit., p. 208. (J. P. C. S.) 
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of behaviour between the daylight mechanism and the twilight mechan- 
ism, and consequently are very easy to comprehend on the basis of the 
duplicity theory. 


8. Total Colour Blindness Considered as being Twilight Vision Alone 


At the time the first edition of this work appeared only two kinds 
of colour blindness were known, namely, red blindness and green 
blindness, as HeLMHOLTz distinguished them; both afterwards in- 
cluded by Hotmcren under the name of “partial colour blindness’. 
Each of these types was capable of making certain qualitative colour 
distinctions. More modern investigations of the vision of such persons 
will be described below. Here however something should be said about 
what is now known as total colour blindness, a much rarer type dis- 
covered about 1880, in which there are no qualitative differences in the 
appearance of different colours, and which has therefore been called 
achromatopia or achromatic vision. Persons who suffer from this 
anomaly distinguish merely unequal shades of brightness in objects 
of different colours, the quality of the light sensation always remaining 
the same.! 

In the case of certain totally colour blind individuals, Herine and 
HILLEBRAND found that the distribution of luminosity in the spectrum 
was the same as for the thoroughly dark-adapted eye in the state of 
twilight vision. Further researches conducted by Konic, v. Krizs 
and others showed that the vision. of persons who see with this kind 
of luminosity distribution has a number of other common propen- 
sities also, and that this anomaly, being apparently always congenital, 
is characteristic of a well-defined class, and may be described therefore 
as “typical, congenital total colour blindness”. At the same time it 
should be mentioned that there are also achromatopes with a totally 
different luminosity distribution in the spectrum. In these cases it 
is nearly always possible to trace the origin of the anomaly to some 
injury of the optic nerve; and, besides, the other peculiarities of 
congenital total colour blindness which will be described below are 
not manifested. 

In achromatic vision the spectrum looks like a shaded surface 
without any differences of colour, a conception of which an achroma- 
tope has no notion (see the illustration on Plate II)* To him the 
greatest luminosity (the source being gaslight) is where the green is, 
between 530 and 540uu. Red light of longer wave-lengths than the 
line C is not visible to him at all, but towards the violet end the visible 
spectrum in his case extends about as far as it does for a normal eye. 


1 ¥That is, they see only shades of grey. (J. P. C. 8.) 
*Plate II faces page 352. 
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But whereas in the normal eye this peculiar distribution of luminosity 
does not occur unless the intensity of the entire spectrum remains 
below the threshold of colour vision, that is, does not occur except in 
pure twilight vision, almost the same distribution of luminosity 
persists for the totally colour-blind whether the illumination of the 
spectrum is low or high. If the intensity of illumination of a spectrum 
is gradually increased from the lowest degrees, the instant it begins 
to appear coloured to an observer with normal colour vision, the only 
change whatever that will be apparent to an observer who is totally 
colour-blind will be a mere increase of the total luminosity. 

The exact agreement between the luminosities of colours for the 
achromatopes and a dark-adapted person with normal vision may 
readily be verified by making twilight matches with the colour-top and 
especially with the spectrophotometer also. By the same process as 
described on page 317 for finding the twilight values of the normal eye, 
these values may be obtained also for the totally colour-blind individ- 
ual, and not merely when the intensity of illumination of the spectrum 
is low, but also when it is high. There is an upper limit due to the 
sensation of glare that is very annoying to colour-blind persons. 
Curves showing the relative stimulating value in the spectrum of a 
totally colour-blind person have been obtained by K6nie!, v. Kriss? 


Table XIV 
ae Luminosity Value for 
Wave-length mreis tbe for the 
totally colour-blind H. 

628 uu 3a | 

615 — 10.0 
603 10.0 1352 
595 — 26.1 
591 25.9 — 
580 45.8 30.0 
570 | 57.8 52,4 
561 65.0 — 
553 76.0 81.8 
545 88.1 84.9 
535 86.3 88.1 
528 81.6 78.3 
520 70.2 — 
514 61.5 64.5 
500 39.0 43.8 
488 24.5 33.7 
473 13.5 18.8 
457 6.2 11.5 
446 255 — 


1 Zeitschr. fiir Psychologie und Physiol. der Sinnesorgane IV, 8. 241. 1892. 
2 Tbid., XIII. 8. 293. 
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and the writer. The results of the investigation of a girl sixteen years 
old (Miss H.), as made by Dr. May! and the writer together, are ex- 
hibited in Fable XIV and Fig. 71. The luminosity values for Miss H. 
and the twilight values in the case of the writer (which agree with those 
that are typically normal) are plotted here side by side. The colour- 
blind subject made the observations on the HeLmHoLtz spectro- 
photometer in the bright room with moderate intensities of the spec- 
trum that were not dazzling for her. The writer’s observations were 
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Fig. 71.—Distribution of luminosity for the totally colour-blind ---- -- and twilight 


values for a deuteranope———,, in the prismatic spectrum of the Nernst light. 


made in the dark room after being dark-adapted with eyes bandaged 
for an hour. The results are for the spectrum of the Nernst lamp. 
The agreement between the two sets of observations is very obvious, 
and even better than in a previous comparison made between the 
writer and another colour-blind girl, which was reported by v. Krizs.? 
Perhaps, the main reason for this is that meanwhile the writer himself 
had had more practice in making twilight matches, which are not 
altogether easy to make. In both cases there is a distinct difference in 
the green and blue between the values of the colour-blind observer 


1 Zeitschr. fiir Psychologie und Physiol. der. Sinnesorgane XLII. S. 69. 1908. 
2 Ibid., XIII. 8. 293. 
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and those of the writer, which can hardly be accounted for as being 
due to errors in the settings. At these places the twilight values are 
below the luminosity values for the totally colour-blind subject. The 
reason for this discrepancy will be discussed later, but here it may be 
simply mentioned that the difference would not exist, or at any rate 
would be very much less, if the totally colour-blind observer had also 
made the observations after previous long-continued dark adaptation, 
which in the present case was purposely avoided. 

The peculiar luminosity distribution in the spectrum of the totally 
colour-blind eye, which coincides with that of the normal scotopic eye, 
together with the connection to be explained presently between the 
curve of twilight values and the curve showing the absorption of 
energy by solutions of visual purple, led A. K6n1c to make the assump- 
tion, that in case of eyes that are totally colour-blind vision is performed 
entirely by the mediation of the rods in the retina that contain visual 
purple, the cones being lacking or not functioning. Further study of 
the vision of achromatopes has confirmed this assumption in a very 
remarkable manner. The vision of these folks exhibits a number of 
marked peculiarities which are united to form a characteristic symp- 
tom-complex. 

From the sensitiveness of visual purple to light, it would be natural 
to expect that persons dependent on this visual substance would see 
badly when the light was very bright, and that ultimately indeed they 
would become temporarily blind. This is really the case. Achroma- 
topes are all, to a greater or less degree, light-shy (or photophobic) and 
averse to looking at a bright light. Their pupils are usually very small, 
the eyelids almost closed, and the head bent forward in a characteristic 
way whenever bright light comes from above. Totally colour-blind 
persons may be readily recognized by this attitude and by their timid 
glance. Dark glasses give them much relief. The photophobia of such 
persons as have come under the writer’s observations is the effect of a 
different cause from that of individuals who are light-shy as a result 
of injury to the eye. Light is not painful or disagreeable to achroma- 
topes; they are simply aware that they do not see well when they look 
at anything bright. Miss H., the totally colour-blind girl mentioned 
above, who was most amiable about acting as a test patient in numer- 
ous experiments made by Dr. May and the writer, was easily induced 
to look at an extremely bright light with one eye, the other being 
blindfolded. It gave her no pain, but in a few minutes she was prac- 
tically blind and unable at any rate to see luminous bright fields in 
the spectrophotometer. Nor did she complain when a large area of 
her retina was brightly illuminated by the THornER ophthalmoscope, 
although she was not able to see with this eye for a quarter of an hour 
afterwards. 
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Naturally, it was a matter of special interest to see what was the 
behaviour of the central part of the retina in the case of achromatopes; 
because here in the region of the fovea there is no visual purple, and 
there are no rods; and here also the characteristic phenomena of twi- 
light vision are absent.1_ Various possibilities may be conjectured as 
to the behaviour of this part of the retina of totally colour-blind 
persons. Thus, the cones might be lacking entirely and their places 
occupied by rods; or instead of the cones there might be special struc- 
tures different from the rods, but not able to function or at least not 
sensitive to light. Lastly, the vacancies due to the absence of cones 
might be only partly filled by rods. No matter which of these pos- 
sibilities proves to be the case, the fovea must be either a completely 
blind spot, or a place which is stimulated by light exactly in the same 
way as the scotopic eye in the case of twilight vision. In the latter case, 
especially, a visual acuity is to be expected that continues below that of 
the normal fovea, having about the same range of values as are found in 
pure twilight vision under the most favourable circumstances. Now 
this is actually what is found to be the case, as v. Krigs has showed.? 
In the most favourable conditions the visual acuity of achromatopes 
may be as high as one-sixth or one-tenth, values even a little higher 
(as much as one-fourth) being obtained in sporadic cases. Of special 
interest in this connection is A. K6n1q’s result which indicates that as 
the illumination is increased the visual acuity of the totally colour- 
blind eye increases by a different rule from that of the normal eye: 
There is no bend in the curve (Fig. 70) at the threshold of daylight 
vision, but even for intensities of illumination higher than 0.1 HErNER- 
candle the totally colour-blind curve is fairly straight and continues as 
a prolongation of the initial, less steep portion. A maximum is then 
soon attained, where glare interferes with perception of form. These 
results are entirely in harmony with our previous assumption that for 
intensities of illumination higher than a tenth of a metre-candle the 
visual acuity is controlled by the daylight mechanism represented by 
the cones, this mechanism being lacking in the totally colour-blind. 

In some totally colour-blind people a spot has been found in the 
centre of the retina that is perfectly insensitive to light, that is, a blind 
spot or ‘central scotoma’’; but in the case of other totally colour-blind 
persons it is not certain that ‘there is a central scotoma. A. KONnI@ 
considered it as a particularly impressive proof of the correctness of 
his view concerning the function of the rods, that there was a central 
scotoma in the case of achromatopia which he investigated. On the 
other hand, not being able to find a defective spot of this sort, Her- 


1See W. pe W. Asnery and W. Warsow, loc. cit. (H. L.) 
2 Zentralblatt fiir Physiologie, 1894. 8. 694. 
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inc and Huss used it as an argument to throw doubt not only on 
Koni@’s theory but also on the duplicity theory in the form given it by 
v. Kries. But v. Kriss, not having found a scotoma in a careful in- 
vestigation which he made, has pointed out that this particular matter 
is of no importance for or against the duplicity theory. At present we 
still know nothing at all certain as to the original cause of total colour 
blindness, and therefore cannot assert that, because there is lack of 
cone function, the central] part of the retina, which is normally crowded 
with nothing but cones, must be without any functional elements at 
all. We might just as readily assume that rods have taken the place of 
the cones. Consequently, it may be considered that the cases with 
scotoma (GRUNERT lists 10) and those without (GRUNERT lists 8) 
represent two different modes of origin of total’ colour blindness in 
fetal life. There is, however, stiJl another possibility, namely, that 
even in those cases of total colour blindness in which no scotoma has 
been found as yet, there may be one present corresponding to the 
fovea, only it has escaped observation. 

The establishment of a scotoma as large as the rod-free region, 
that is, having an angular diameter of from 1° to 1° 30’, is not easy 
even when the place in the retina that has become insensitive to light 
by some pathological process lies to one side of the fovea; but it is far 
more difficult still to confirm the existence of real central scotoma. 
The chief difficulty about finding a small defect like this in the visual 
field consists in maintaining the direction of fixation, and this condition 
cannot be fulfilled unless foveal fixation is possible. The writer failed 
to find a central scotoma in the case of Miss H., although a careful 
search was made; but in spite of this negative result, it is quite possible 
that it was there, and was simply hard to locate. 

Nearly all achromatopes exhibit what is called nystagmos, that is, 
a restless, frequently very rapid movement of the eyes first one way and 
then another. Watching the eyes of a patient of this kind, the observer 
will notice particularly active nystagmos when he tries to rivet his 
gaze on an object, that is, fixate it. The subject simply cannot do it. 
This gives a peculiar expression to the eyes of an achromatope in 
addition to the other characteristics that are the result of photophobia. 
The tendency to perfect codrdination of the movements of the two eyes 
and for permanent binocular vision is absent or perhaps weak; and the 
result is a strange sort of disconnection in the movements of both eyes, 
as was particularly noticeable in the case of Miss H. A permanent 
squint is sometimes the consequence. Strabismus divergens is re- 
ported in so many cases that its occurrence in connection with total 
colour blindness cannot be an accident. When the tendency to binocu- 
lar vision is absent, as it is just before going to sleep, or when the eyes 
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are closed, the axes of the two eyes are usually divergent. Apparently 
when there is a slight divergence the external muscles of the eye are 
most relaxed; and therefore it might be expected that, when the 
tendency to binocular fixation is absent from some defect of foveal 
vision, there is likewise a disposition to let the eyes diverge. 

The writer desires to emphasize the fact that the existence of 
nystagmos and strabismus, or, to put it another way, the lack of a 
definite place of fixation in the centre of the retina, does not necessarily 
involve the assumption of a central scotoma in place of the fovea. It 
is just as satisfactory an explanation to assume that the foveal region 
was occupied by elements with rod-like functions. The absence of a 
place quite specially adapted for keen vision is sufficient by itself to 
explain to a certain extent why the eye is so restless in a case of this 
kind. The explanation is made still clearer by supposing that the rod 
mechanism is more quickly fatigued than the cone mechanism in the 
fovea; an assumption which has much to support it. 

A characteristic distinction between daylight vision and twilight 
vision, as we saw above, is the dissimilar reaction to short-lived stimuli 
recurring in quick succession. In this respect also the vision of the 
totally colour-blind is similar to twilight vision. As stated above, 
flicker of a rotating disc with alternate black and white sectors ceases 
in twilight vision for a much slower speed of rotation than in daylight 
vision with equal subjective brightness. At the suggestion of v. Kriss, 
Untuorr made special determinations on some totally colour-blind 
patients whom he had under examination, and found that for even 
higher intensities of illumination that are above the threshold of 
daylight vision for the normal eye the totally colour-blind cease to see 
flicker at a speed of rotation of the disc that is not high enough to make 
flicker disappear for a person with normal vision. This result was 
completely confirmed by the writer in tests made with the colour-blind 
girl above mentioned. 

Accordingly here also there is perfect analogy between the vision 
of the achromatope and twilight vision and a further support for the 
assumption, that the totally colour-blind person sees regularly only by 
means of the elements of the retina that under other circumstances 
mediate twilight vision. 


9. Night Blindness as Functional Abeyance of the Rods’ 


Parinavp regarded the relation between the light sense and colour 
sense in so-called night blindness or hemeralopia as one of the most 
essential supports of the duplicity theory. More recent investigations 


1 9W. pe W. Apney, Two cases of congenital night blindness. Proc. Roy. Soc. 90. Br 
1916. 69-74. (H. L.) 
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have completely confirmed this view. Night blindness may be con- 
sidered as a sort of obverse condition to total colour blindness. In the 
latter, according to the duplicity theory, the rod mechanism is isolated, 
the function of the cones being in abeyance. Conversely, in night 
blindness the function of the cones is found to be more or less intact, 
the rod-mechanism being seriously impaired. It is true that in those — 
cases in which the rod mecHanism can be considered as completely 
lacking, the cone mechanism has perhaps always been considerably im- 
paired too, so that it is not the case of a retina where the rods alone 
have become incapable of functioning. Still there is a decided approx- 
imation to this state of affairs. 

In night blindness the faculty of adaptation is much affected, and 
dark adaptation is so much retarded that the sensitivity usually 
reached in a half hour will not be attained until after several hours in 
darkness; or the amplitude of adaptation will be more or less circum- 
scribed, and only a moderate increase of sensitivity to light will be 
experienced after a long period of darkness. In higher degrees of night 
blindness both the rate of adaptation and the amplitude are invariably 
diminished. As was mentioned on page 319, the sensitivity may be 
enormously reduced. In this case the foveal threshold in the state of 
light adaptation may be entirely or almost entirely normal; which is 
an important fact from the theoretical standpoint. With thorough 
light adaptation and in bright daylight an individual with a moderate 
degree of night blindness may see practically as well as one with normal 
vision. On the other hand, with high degrees there is as a rule a certain 
amount of amblyopia, which, considering the origin of the disease and 
the processes going on in the retina and choroid, is not surprising. No 
serious defect of colour vision is manifested unless there is some con- 
genital, typical anomaly. The only thing that is occasionally remark- 
able is a lowered sensitivity to blue light, particularly in foveal vision. 
Small, dark blue objects, like corn-flowers that grow in grain-fields, 
are not seen as blue but simply as “dark”. This is similar to the condi- 
tion in the normal eye when it has been blinded by very bright light. 

The reaction of the night-blind to the longer waves of red light is 
particularly remarkable and important theoretically. After dark 
adaptation lasting a quarter of an hour, more or less, his sensitivity 
to an area illuminated by composite white light which extends past 
the foveal region will be much less than that of a person with normal 
vision dark-adapted to the same degree; but the threshold for red light 
in cases of slight night blindness is not at all higher than it is for persons 
with normal vision, and very little higher in cases of moderate night 
blindness. 
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Connected with this is the fact that the Purkinje phenomenon 
(see p. 357) is not nearly so distinct in night blindness as in normal 
vision. Suppose that red and green surfaces are arranged side by side 
in the dark room, the colours being so selected that they look about 
equally bright in daylight vision both to a night-blind individual and 
to a person with normal vision; and then let both observers enter the 
dimly lighted dark room together. After a few minutes the green will 
look decidedly brighter to the person with normal vision than the red, 
before any sign of this difference is apparent to the night-blind. He will 
not be aware of the phenomenon until much later. Measurement shows 
that after staying in the dark for about half an hour the increase of 
brightness of the light of shorter wave-length is from 10 to 100 times 
greater for the normal eye than for the night-blind eye. In far advanced 
cases of retinal pigment atrophy, which always accompanies night 
blindness, twilight vision may be completely destroyed. Under these 
conditions the visual field is considerably contracted in size, and the 
PURKINJE phenomenon cannot generally be evoked in the part of the 
central field that is left. For such patients the brightness relation of a 
pair of colours is just the same in weak illumination and after long 
dark adaptation as in bright daylight. 

Concerning the time relations of the light sensation in night blind- 
ness little is known as yet. It is especially not known whether the 
“fusion frequency”’ for regularly intermittent light stimuli (page 373) 
varies with the state of adaptation in the case of night-blind persons * 
in the same way as it does in normal vision; or whether the entire 
retina in their case behaves in the same way as only the central region 
_ does under normal circumstances. It is very probably that the latter 
is the case in the earlier stages of dark adaptation, but that in the later 
stages the part of the twilight mechanism which still continues to 
function asserts itself, as shown by the more extended course of the 
process of stimulation and consequent lower fusion frequency. This 
seems to be the case for normal vision on the basis of SCHATERNIKOFF’S 
experiments mentioned above (p. 373). 

The so-called PurKINJE after-image, to be mentioned presently, 
which apparently represents a peculiarity of rod stimulation, was not 
obtained by the night-blind patient examined by v. Krizs. Moreover, 
certain night-blind individuals, to whom the writer tried to show the 
after-image, could not see it at all even under the most advantageous 
conditions. In milder cases of this malady the PuRKINJE after-image 
is not absent; still the writer has the impression that it is not so easy to 
perceive as it is for observers with normal eyes. These observations, 
as we see, are in good agreement with the duplicity theory and with 
Parinavup’s way of regarding night blindness. Further experiments 
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would be of interest especially in those cases in which one eye is dis- 
tinctly hemeralopic, the other eye not being yet so or only in slight 
measure. Of course, in this case the plan would be to make the sub- 
jective brightness of the light-stimuli equal for both eyes. 

Although the facts here presented as to the light-sense and colour- 
sense of the night-blind point to the correctness of ParrnAuD’s hypoth- 
esis, besides many other facts concerning the pathogenesis of the 
condition of hemeralopia, which cannot be discussed here, but which 
point in the same direction; Huss! has come out recently as vigorously 
objecting to the use of the results found in night blindness as arguments 
in favour of the duplicity theory. He maintains that the night-blind 
persons examined by him were able to perceive the PURKINJE phe- 
nomenon; that after dark adaptation they exhibited less sensitivity to 
light in the centre of the retina than in the periphery; that red pigments 
in dim light were visible to them without colour, etc. These results are 
in keeping with some which the writer could instance concerning 
various night-blind subjects. On the basis of such observations, Hzss 
concludes that PaARrNAupb’s hypothesis of the origin of hemeralopia 
as being due to the disappearance of visual purple is thus upset. But 
the hypothesis does not imply that everybody that is night-blind is 
entirely without visual purple and the twilight mechanism in v. Krims’s 
sense. Nobody seriously thinks this. Night blindness is a symptom of 
a number of ocular diseases and occurs in the most various degrees. In 
many cases it is progressive, and consequently it is not surprising that 
in mild and medium degrees of it the effects mentioned by Hess should 
have been obtained. These effects are explained by v. Krizs, Part- 
NAUD, the writer and others as being the expression of a participation of © 
the twilight mechanism in vision. The process of dark adaptation by 
which the twilight mechanism is gradually inserted along with the 
daylight mechanism and made to function is merely accomplished far 
more slowly in the night-blind patient than in the case of a person 
with normal vision ; and the PuRKINJE phenomenon takes a longer time 
to occur and eventually is fainter, frequently with almost no traces of 
it. Moreover, in night blindness the sensitivity to light in darkness 
does not cease increasing, but it merely proceeds more slowly and to a 
less extent. All that Hxess’s experiments show is that certain qualita- 
tive changes in colour vision that go hand in hand with adaptation may 
occur in spite of the existence of night blindness. This has never been 
denied. The views which are here advocated would not be affected 
even if it can be shown (which incidentally Hess has not done) that 
the cone mechanism in night blindness is sometimes or always impaired 


1C, Huss, Untersuchungen tiber Hemeralopie. Arch. f. Augenheilk. LXII. 1908. 
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Fig. 84.—The cleavage products in the threc stages of the colour sense. This dia- 
gram does not represent the entire light-sensitive molecule, but only the specific clea: 
vage products which, according to the Lapp-FRANKLIN theory, constitute the several 
nerve-excitants for the colour sensations (See Woopwortn’s Psychology). For other 
diagrams, see Psychological Review, 23:247, 1916; Zeitschrift f. Psychologie, Bd. 6, etc. 
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also. The outstanding result shown by the symptoms is the severe 
damage of the twilight mechanism compared with which any lesion of 
the daylight mechanism is quite secondary. Even if it can be inferred 
from Parinavp’s statements that he meant to assert the occurrence of 
damage to the rod mechanism entirely by itself, it would perhaps be 
hard to gainsay such a positive statement as this without additional 
evidence against it. 


10. Assumptions of the Duplicity Theory 


The experimental observations described in the preceding sections 
indicate how under the influence of long-continued exclusion from 
light the retina undergoes fundamental changes in its mode of function. 
They show also that in the most striking and significant of these 
changes the centre of the retina, the fovea centralis, does not partici- 
pate. As a matter of fact, when an eye which has been previously ex- 
posed to bright illumination is plunged suddenly in darkness, the sen- 
sitivity to light does increase even in the centre of the retina; but, as 
was stated above, this increase, even under the best circumstances, 
that is, after previous very thorough light adaptation, amounts only 
to a small fraction of the increase of sensitivity that takes place in the 
periphery ; and, besides, it disappears in a few minutes, being succeeded 
by an approximately stationary condition. For the same size of 
luminous object, the periphery of the retina shows an increase of sen- 
sitivity thousands of times greater, lasting from a half hour to an hour, 
and not complete then. But the most remarkable thing is the dif- 
ference in the reaction to radiations of different wave-lengths. In the 
fovea the change of sensitivity is of the same degree for all kinds of 
light; in the periphery the differences between light of long waves and 
light of medium and short waves are found to be enormous. The pro- 
cess in the fovea gives the impression of being a simple recovery process, 
such as takes place in quite similar fashion in other sense organs, the 
ear, for example. On the other hand, the adaptation of the periphery of 
the retina to different degrees of intensity is connected with striking 
qualitative changes in the mode of reaction. The latter, together 
with the important quantitative changes of excitability, find their 
most natural explanation on the basis of the theory of the double 
functions of the rods and cones, as formulated by v. Krizs.1 His own 
words are as follows: ‘Accordingly, we should ascribe to the rods the 
property of being able to undergo very extensive changes of adaptation, 
which however arouse merely colourless sensations of brightness; and, 
lastly, the property of being affected by different kinds of light in just 
the same proportions as correspond to the distribution of brightness 


1 Nacets Handbuch der Physiologie des Menschen. Bd. III. 8. 185. 
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in the spectrum as it occurs in twilight vision. On the other hand, the 
cones are to be considered as having comparatively little power of 
adaptation and as being able to discriminate colour in the centre of the 
retina and its immediate vicinity, although everywhere they are of 
such nature as to be strongly stimulated even by light of long wave- 
lengths, and hence by their activity the relations of brightness occur 
that are peculiar to daylight vision and favourable to light of long 
wave-lengths.”’ 

According to what was stated on page 347, there might perhaps 
have been included in these propositions the conjecture that the 
sensation mediated by the rods may vary, according to circum- 
stances, between being colourless or bluish. © 

On the basis of the determinations of the fusion frequency with 
rotating discs, we must, moreover, assume, with v. Kriss, that the 
process of stimulation in the twilight mechanism, presumably therefore 
in the rods, is longer and more drawn out. In the matter of space 
discrimination, the parts of the retina where the rods are, never attain 
anything like the same capacity as the fovea where there are nothing 
but cones. Finally, the experiments of Piprr and H»ntus (see page 
336 above), which shed light on the difference in the relation existing 
between the sensitivity and the stimulated retinal area in daylight 
vision and in twilight vision, enable us to realize that a real summation 
of stimulations is also a very much more important factor in the twi- 
light mechanism than it is in the daylight mechanism. 


The question may now be considered whether these differences in 
the excitability of the rods and cones as postulated by the duplicity 
theory can be reconciled with the known anatomical, physical and 
chemical characteristics of the photo-sensitive elements, and to what 
extent this is possible. Here the anatomical results obtained by 
Ramon Y CaJAL! with respect to the nervous connections of the rods 
and cones agree very well with the observed physiological facts. So far 
as the cones are concerned, especially those in the foveal region, at 
present it is quite generally supposed that each is connected with a 
single fibre; and that conduction in the retina and optic nerve is 
isolated to a certain degree at least. On the other hand, the idea is that 
the rods are collected in groups by cross connections in the retina. 
According to the views developed by HetmMuHottz (see page 35), the 
isolated relation of the cones must be very favourable for nicer space 
discrimination, whereas the connections of the rods must be com- 
paratively unfavourable. On the other hand, the arrangement of the 


1See R. Greerr, Die mikroskopische Anatomie des Sehnerven und der Netzhaut. 
GrakFE-SAmiscus Handbuch d. Augenheilk. 2. Aufl. I. (5) 1901. 
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rods in groups must be conducive to the integration of separate sources 
of stimulation. Thus if, say, ten rods are connected together in such 
fashion that their impulses must all be conducted along a single nerve 
fibre, the stimulation of two rods in this group will not produce light 
sensations involving space-discrimination, but rather merely a single 
sensation so far as the sense of space is concerned, only it will be 
stronger than if just one rod had been stimulated. Subjectively, the 
result of this dispersion of a light stimulus over several rods in a group 
is seen in augmentation of brightness. 

Of course, this does not imply that there is no integration whatever 
of separate stimuli in the cones, for example, in the foveal region. 
Evidently, the question here is rather one of quantitative differences 
that are certainly quite considerable in amount. 

In trying to explain the inferior power of the twilight mechanism 
for temporal discrimination, we are on less firm ground. More compli- 
cated modes of connection in the retina might be imagined, involving 
the insertion of several neurones in the transmission system of the 
twilight mechanism. But even if a marked difference in this respect 
could not be shown between the routes of conduction from rods and 
cones, it would not involve any difficulty. For both the rate of reaction 
and the conductivity in the case of different kinds of tissues, even 
those particularly distinguished for excitability, exhibit differences 
that exceed those in question here. ; 

A question of special interest is, what is the reason for the difference 
of excitability between the daylight mechanism and the twilight 
mechanism for light of long wave-lengths, and what is it that is mainly 
responsible for the unequal distribution of the stimulus values in the 
spectrum for the two mechanisms. There is a possibility here that the 
stimulus values, like photo-chemical actions, depend on the wave- 
lengths in some unknown way. To a certain extent this is undoubtedly 
true. We do not know at all why the so-called infra-red rays do not 
stimulate the retina of the human eye, although they distinctly 
stimulate some lower organisms; and we are equally ignorant as to why 
just those rays of wave-lengths 590 - 600uu produce the brightest 
sensation of light in the foveal cone-mechanism, although there is no 
known absorbent material in the cones that absorbs especially these 
particular waves, and although the maximum energy of spectral radia- 
tions is not in this part of the spectrum but in the green.1 And yet no 
sooner had the duplicity theory been formulated, and aclaim entered 

1 {See F. Weicert, Ein photochemische Modell der Retina, Prutcmrs Arch. CXC. 
1921. 177-197. Also, Uber die Photochemie der Retina. Zt. f. Elektrochem. XXI-XXII. 481- 


487. Also, Zur physikalischen Chemie des Farbensehens. I. Uber die Lichtempfindlichkeit 
der Farbstoffe. Zft. f. physikalische Chem. C. 1922. 531-565. (H. L.) 
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on behalf of the rods as organs of twilight vision, than attention was 
directed to the very remarkable analogies between rod vision and the 
chemical action of light on visual purple. KitHnzn’s researches had 
already shown that visual purple was only slightly affected by yellow 
light and hardly at all by red light. The more precise quantitative 
relations have been given in a previous section. Here it is sufficient to 
to say that the results obtained by Korracrn and ABELSDORFF as to 
the amounts of energy absorbed by visual purple and TRENDELENBERG’S 
determinations of the bleaching values or chemical effects produced in 
the visual purple indicate that both of these magnitudes depend on 
the wave-length. Now these relations are found to accord in most 
striking manner with the way the twilight values depend on wave- 
length, as can be seen in the graphical representation in Fig. 72.1 
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Fig. 72. 


This cannot be purely accidental. It would seem rather to indicate 
beyond doubt that visual purple is of the greatest importance for 
twilight vision, and especially that its regeneration in darkness is the 
most fundamental thing in dark adaptation. Just what its special 
part is, and how it and its decomposition are related to the whole 
process of the stimulation of the eye by light, are questions that can- 
not be answered at present. 

1 (See S. Hecur and R. E. Witt1ams, The visibility of monochromatic radiation and 


the absorption spectrum of visual purple. Jour. Gen. Physiol., V. 1922. 1-34.—See also 
§18A in this volume, and literature there cited. (ERE) 
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The close connection between the optical properties of visual 
purple and the stimulating effect of spectral lights, which is proved to 
exist by the researches alluded to above, comes out still more clearly 
in a series of experiments carried out by Sregmann under v. Krizs’s 
direction. Visual purple, as is well known, occurs in the outer segments 
of the rods, colouring them in their entire length, and hence it must 
be in a layer of some little thickness. Light which traverses the layer 
with its purple contents will undergo a partial absorption in the layers 
which it encounters first, and in fact those rays will be most absorbed, 
and consequently most enfeebled, that have the strongest stimulating 
actions on the rods, namely, the green rays. The more concentrated 
the “solution” of visual purple is in the layer of rods, the greater the 
absorption will be. Thus, the ratio between the stimulating effects 
of two kinds of light, one of which (say, green) was strongly absorbed, 
while the other (say, orange) was not much absorbed, would have to 
depend to a certain extent on the amount (or “‘concentration’’) of 
visual purple in the layer of rods. Now we know it to be a fact that 
the accumulation of visual purple in the retina is notably increased by 
long-continued exclusion of light; and therefore matches made under 
the conditions of twilight vision between two kinds of light like those 
mentioned above will generally not be independent of the duration of 
the previous dark adaptation. As a matter of fact, SrE@MANN and the 
writer, working together, found that there was no doubt about it.. 

If, for example, after being dark-adapted for a period of five or ten 
minutes, ‘‘twilight matches’ were made between spectral orange and 
blue-green (both of which would, of course, look colourless), and if 
then this match was considered by the same eye after it had been 
dark-adapted for a much longer time, it ceased to be valid: the light 
of longer wave-length (orange) looked the brighter of the two, and it 
was necessary to reduce its intensity to three-fourths of what it had 
been. Accordingly, this is a change in the opposite sense from that 
which would correspond to the PuRKINJE phenomenon; but it occurs 
in the direction that was to be expected if the increased accumulation 
of visual purple has any influence on the stimulating effect. The 
observation also shows that the place of action of light in the rods 
cannot be, or at least cannot be entirely, in the inner segment, or at 
the border between the inner and outer segments, but must be farther 
outwards. The farther outwards in the rod the place of stimulation 
is, the more the absorptive action of the visual purple must influence 
the threshold value. On the other hand, it does not follow from the 
experiment just described that the place of stimulation is only at the 
outermost end of the rod. It may just as well take place in the entire 


outer segment. 
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On the assumption that typical congenital total colour blindness 
(achromatopia) is to be considered as vision in which the cones have 
no share, it is natural to expect in the case of such persons that the 
difference between matches made with retina poor in visual purple and 
with retina rich in visual purple will be still more distinctly marked. 
An achromat can make matches in the spectroscope between orange 
and blue green in a bright room, whereas observers with normal vision 
must be already dark-adapted for some time before they can obtain 
anything like exact matches. In that state of “indoor adaptation”, 
which is sufficient for making observations in the case of achromats, 
the amount of visual purple to start with is decidedly less. 

With the totally colour-blind girl mentioned previously, the writer 
has made experiments of this sort with the HetmHo.ttz spectro- 
photometer. One eye was tightly bandaged for a long time, the other 
being kept always in the state of medium light adaptation. She then 
made matches with the photopic eye between orange-yellow (600uy) 
and green-blue (490yuy). The width of the slit for the green-blue was 
0.44 mm on the average (0.49-0.40). The observations then were 
made with the eye that had been bandaged for an hour, and for this 
purpose the intensities of the two fields were considerably lowered, in 
proportion, of course, by means of an episcotister. The first settings 
of the slit after removing the bandage amounted to 0.85 and 0.80 mm, 
but as the experiment continued, these values were lowered to an 
average of 0.6mm. After this eye had become light-adapted, the values 
for it were also between 0.4 and 0.44, whereas for the other eye, that 
had meanwhile been blindfolded, the values increased to between 
0.55 and 0.6. 

The fact that the twilight value for blue-green light and, for that 
matter, for every green and blue, is found to be lower when the eye 
has been dark-adapted for a long time than when it was darkened 
simply long enough to make the matches, gives the explanation of the 
marked separation in the blue between the two curves in Fig. 71. One 
of these curves represents the twilight values of a normal eye, and the 
other shows the distribution of spectral brightness for a totally colour- 
blind person. By long exclusion of light, the observer who was not 
colour-blind made his retina far richer in visual purple than that of 
the totally colour-blind girl could possibly have been, because her 
settings were made in a bright room. Owing to the greater amount of 
visual purple, the twilight values obtained for green and blue lights, 
which are strongly absorbed, turn out to be lower than in the case of 
the totally colour-blind observer. 

Comparative physiological] investigations on animals whose retinas 
contain very different amounts of visual purple are also of much 
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interest in the present connection. As was stated above, M. Scuutrzn’s 
argument that animals that are accustomed to live in darkness should 
have rods only and no cones, has not been altogether verified. But it 
is a fact that in distinctly nocturnal animals like owls the rods are 
unusually large and numerous and also particularly rich in visual 
purple; whereas the retinas of diurnal birds of prey contain little visual 
purple or none at all. 

Functional differences were established first by ABELSDORFF, in 
the case of the reaction of the pupil under the influence of light of 
different colours.! In diurnal animals he found the greatest pupillary 
contraction for those spectral rays that also look brightest to the 
light-adapted eye, that is, at the border of yellow and orange; whereas 
in nocturnal animals the maximum effect of pupillary contraction 
appears to be distinctly shifted towards the green, completely corre- 
sponding to the subjective impression of brightness of the scotopic eye 
with its large amount of visual purple. 

Quantitative comparisons of photo-electrical reactions for light of 
different wave-lengths can be made far more accurately than measure- 
ments of the “pupillomotor” effect. In a manner similar to that used 
by earlier investigators (see page 56), HimsTrepT and the writer together 
studied the electrical reactions in the frog’s eye to light of various 
colours, the state of adaptation being taken into consideration for the 
first time. The distribution of electrical reaction in the spectrum was. 
first found for the eye when it was as thoroughly dark-adapted as 
possible, and then for eyes which had been previously exposed to 
bright daylight. As might be expected from what is known about the 
effect of adaptation on the human eye, higher intensities of light were 
needed to get measurable electrical effects with the photopic eye, 
whereas very slight intensities were adequate for the scotopic eye. 
Taking account of the high sensitivity in the state of dark adaptation, 
the investigators tried not to disturb it any more than was absolutely 
necessary and therefore used very small amounts of light for producing 
stimulation. But the connection between the effect and the wave- 
length varies also with the adaptation. In the dark-adapted eye the 
maximum effect is shifted considerably towards the violet end of the 
spectrum.’ 

At the writer’s suggestion, H. Piper measured the stimulating 
effect of coloured lights on other animals. Some of them were warm- 

1 |See H. Laurens, The pupillomotor effects of wave lengths of equal energy content. 
Amer. Jour. Physiol. LXIV. 1923. 97-119. (H. L.) 

2 {See E. L. Cuarrer, W. T. Boviz and A. Hampson, The electrical response of the 
retina under stimulation by light. Jour. Opt. Soc. Amer. VII. 1923. 1-44.—Additional more 


modern literature on photo-electrical and photo-mechanical effects will be found at end 
of §18A. (H. L.) 
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blooded. Invertebrates were represented by the cuttle fish. Here 
again the comparative observations on diurnal and nocturnal birds 
proved to be particularly interesting. The results in these latter cases 
are shown in Fig. 73. Some of the diurnal birds were hawks, chickens 
and pigeons. Several species of owls were among the nocturnal birds. 
The difference in the two groups comes out clearly in the figure, 
especially the entirely different positions of the peaks of the curves. In 
the individual groups there is quite good agreement; only one curve, 
that of the mouse-hawk, being different from that of the other diurnal 
birds by being less steep in its descent towards the violet end of the 
spectrum. 


These facts certainly are strong indications that in these animals 
also the cones are the organs of daylight vision and the rods of twilight 
vision; and the probability is that, especially in their reactions to light 
of different kinds they behave much in the same way as rae cor- 
responding structures in the human eye.! 


Finally, stimulation of the retina by light is accompanied by 
certain distinct structural changes, which like the photo-chemical and 
photo-electrical effects, are unquestionably dependent on adaptation, 
that is, on whether the retina is illuminated or unilluminated. These 


1 However, there is still much here that needs explanation. Thus, it is singular that 
Pirer failed to find variations in the distribution of stimulations as a result of adaptation 
in the case of rabbits, cats, and even dogs. In Hxss’s experiments with chickens the values 
of the relative brightness were found to be shifted by adaptation more towards the violet 
end of the spectrum; but this is not so surprising because the retina of a chicken’s eye is 
perhaps not entirely without visual purple. 
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changes are the migration of the pigment in the pigment epithelium 
of the retina and the contractions of the cones. It is natural to treat 
these two processes together, as Herzoce and Exner and JANUSCHKE 
have done. According to these authors, we have here a contrivance for 
throwing in and out the two combined mechanisms in the retina, 
that is, for throwing in the twilight mechanism and throwing out the 
daylight mechanism. In dim light or complete darkness the pigment 
returns into the cells leaving the intervals between the individual rods 
free. It might be that under these conditions, when a small amount 
of light comes through the pupil, the portion of it that falls on a single 
rod is greater (owing to diffusion of light all over the retina) than if 
the rods were isolated from one another by a thick mantle of pigment. 
In this case the only light that can get to the rod will be light that 
traverses the retina in the longitudinal direction of the rod. The 
supposition is that the cones, which in twilight vision are mostly 
pushed forward between the rods, remain out of action, because the 
small amount of light acting on them is not yet above the threshold 
of stimulation for the cone mechanism. 

When, on the other hand, the pigment migrates forward in bright 
light, that is, under the conditions of daylight vision, an exceedingly 
large amount of light is prevented from reaching the rod mechanism 
which has been rendered highly photo-sensitive by accumulation of 
visual purple in the dark. The result is that the adaptation to the 
increased intensity of light is more gradual, and meantime the less 
photo-sensitive cones can emerge from the mantle of seo ee to be 
freely exposed to the stronger stimulus. 

While this view of the photo-mechanical processes in the retina 
is certainly attractive in some ways, still it must be admitted that 
there are numerous arguments against it that cannot be treated lightly. 
The writer did not accept it in the summary of the objective changes 
that take place in the retina as set forth in the Handbuch der Physiologie 
des Menschen, Bd. III, S. 92; nor can he accept it now, especially since 
GaRTEN in his very thorough review of this subject in the third volume 
of the second edition of GRAEFE-SAmiscHs Handbuch der Augenheil- 
kunde has not been able to adduce any arguments that are favourable 
to the Herzog-ExneR hypothesis. The writer still thinks that the 
fact that the pigment and cone movements could be established very 
easily in cold-blooded animals and birds, but not in man and the higher 
mammals, is comparatively the least weighty of all the arguments 
against it. The mere fact that these processes have not been demon- 
strated in the human eye is no proof that they do not occur. It may be 
that they go on more rapidly than in cold-blooded animals. Hxss tried 
in vain to find pigment migrations in monkeys; but GARTEN, employing 
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a more delicate method, did succeed in detecting it to a slight extent. 
But even if it should be overwhelmingly proved that the photo-tropic 
reactions of the pigment epithelium do not occur in the human eye, 
that would be no argument against explaining the processes in the eyes 
of frogs, fishes, and birds in the above manner, and assuming that the 
same purpose, namely, adaptation of the eye to different intensities 
of light, is achieved in the eye of the mammal in a different way. The 
act of accommodation is performed by different classes of animals in 
fundamentally different ways. 

But there are other considerations against this hypothesis of an 
in-and-out mechanism. For instance it is not easy to see what is the 
purpose of the elongation of the cones in darkness. Why do not all of 
the cones remain immobile on the membrana limitans, as some of them 
do? What is the object of the pigment in the region of the human eye 
where there are no rods? How are we to explain the fact that over a 
considerable portion of the retina in the case of animals with a eapeay 
like the dog and cat, there is no pigment at all? 

Without being able to answer such questions as these, it is im- 
possible to speak yet of a complete theory of the photo-mechanical 
processes in the retina. It is very probable that the process of light 
and dark adaptation is not rigidly connected with the existence of 
photo-tropic movements of retinal elements, but that these changes 
may accompany adaptation, the most essential basis of it being the 
formation and bleaching of visual purple. 

It is not probable that the pigment as such has anything to do with 
the formation of visual purple, because the latter occurs in large 
amounts even in albinos who have no pigment and in the parts of the 
retina of the cat where there is no pigment. The purpose of the pigment 
is probably purely optical and consists in the prevention of lateral 
diffusion of light in the layer of rods. But, as has been said, it is still 
obscure why with one set of animals this protective mechanism ex- 
hibits such plain reactions to light, and yet does not do so with other 
animals. 


Appendix by v. Kries 


I. Normal and Anomalous Colour Systems 


1. Laws of Mixture of Light 


The views developed by HELMHOLTz as to the nature and origin of 
the visual sensations and the fundamental mechanism of the organ of 
vision have recently undergone a certain modification, as was explained 
in the preceding Appendix; because it has been necessary to assume 
that twilight vision is a special mode of vision, presumably having to 
do also with a separate and distinct part of the organ as a whole. 
Most of HELMHOLTz’s investigations were concerned with the other 
mode of vision known as daylight vision, that is, the vision of the 
thoroughly light-adapted eye, which is probably confined to a small 
region belonging to the fovea centralis. Here also later observations 
have considerably advanced our knowledge. This has been due mainly 
to improved methods. Thus whereas formerly the laws of light- 
mixture were merely qualitative, these laws have now been determined 
quantitatively for normal and anomalous vision. 

It would take too much space to enumerate here all the many 
devices which have been designed in the last ten years for studying the 
mixture of spectral lights. It must suffice to say that, in sofar as they 
are intended for subjective observation, they are almost all based on a 
principle which (as well as the writer can ascertain) was introduced 
first by MaxweE.u.! Objective spectra are not used in this method, 
but their real images are focused directly in front of the observer’s eye, 
so that any particular region can be separated and inspected through 
aslit in the ocular. Accordingly, the observer does not see the spectrum 
with its hues blending into each other from place to place; but what he 
sees is the surface of the object-glass illuminated all over by light of 
the same wave-length and appearing therefore as a uniform field.’ 

1 Philos. Transactions CL. p. 57, 1860. 

2q‘By far the best method” is Hrimnourz’s “colour-mixing apparatus,” (pre- 
sumably the same instrument as is described in the text), which “Gs, in effect, a double 
spectroscope; there are two collimator-tubes which throw light, after it has passed 
through a prism, into the two halves of a single telescope. The eye-piece of the telescope 
has been removed, and a plate carrying a narrow slit put its in place; the effect of this is 
that an eye looking through the telescope sees, not a narrow image of the collimator-slit, 


but the whole surface of the prism lighted up by homogeneous light.” CurisTINE 
Lapp-Frankuin, Article on Vision in BaLpwin’s Dict. of Philos. and Psychol. (J. P.C. 8.) 
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Here we shall describe merely a little more in detail the apparatus 
which was described by Hetmuourz himself in the second edition of 
this work. Except for many special modifications, it is the same 
instrument as that used so much by K6nie and by Nacet and the 
writer. It is shown in plan in Fig. 74. 


Fig. 74. 


“A large equilateral prism is mounted at P and rigidly con- 
nected with the massive central base of the instrument. B and @ 
are two collimator tubes that can be turned around a vertical axis 
which is underneath the prism. The two kinds of light that are to 
be mixed emerge from these tubes and fall on the prism. The 
light from B leaves the prism on its right face and that from C 
on its left face. Thus the observer whose eye is at A sees the light 
from the right collimator through the left side of the prism, and 
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vice versa. For observations of colour mixture the ocular of the telescope 
is removed, and all that remains in its place is a narrow rectangular slit 
at the focus of the object-glass. The width of the slit can be adjusted 
by screws. At the ends of the tubes B and C there are two other finer 
slits, whose widths can be read on the heads of micrometer screws for 
adjusting them. The main thing about adjusting the width of each 
of these slits is to keep the middle line of the slit fixed, so as to alter 
the brightness of the image without changing its colour; and hence 
by turning the same screw the two edges of the slit are shifted equally 
in opposite directions. The details of the slits,are shown in the inserts 
at D and FE. To unite two colours, one from each of the collimators 
B and C, each tube contains a double refracting cale-spar prism 
(a in Fig. 74) so combined with a glass prism that there is no deviation 
of the mean direction in which the two images are seen. After travers- 
ing these prisms, the rays proceed as if they came from two separate 
images of each slit; these images being farther apart, the farther the 
prism is from the slit. Each of the cale-spar prisms can be shifted back 
and forth by means of a rack and pinion. For this purpose a piece 
is cut out of the side of each of the tubes B and C to let the prism a 
and its screw be free to move one way or the other. The two bundles 
of rays, however, that correspond to these two images, are polarised 
‘at right angles to each other. If, therefore, a rotatable Nicou prism 
is inserted in front of each slit, the relations between the two beams of 
light can be varied at will. One image can be 
extinguished entirely, while the other attains 
its greatest intensity. The amount of rotation 
is measured by means of two graduated circles oe 
mm, fastened to the pieces of tube that hold the LL 
Nicou prisms. ~ yy 
“Each of the two slit images is developed in <a @ 
a spectrum by the prism P. But depending on 
the apparent separation of the images, the two Fig. 75. 
spectra are more or less shifted towards each 
other so that different pairs of colours can be made to overlap. Finally, 
a real image of these two pairs of spectra is produced in the plane of the 
slit at the focus of the object-glass of the telescope. Thus on each side 
of the prism P light of both colours meets here in the slit. Looking 
towards the prism through the slit, the observer sees therefore a field 
of the form shown in Fig. 75. The narrow dividing line corresponds 
to the front edge of the prism P, the round edges on the sides to the 
circumferences of the object-glasses of B and C. The colour and 
brightness of the two fields can thus be compared; and the observer 
can try to make them match, if they do not do so. 
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“The two colours in each colour mixture can be both made to vary 
towards red or towards violet by turning the corresponding tube B 
or C. On the other hand, by shifting forward the cale-spar prism a, one 
of the colours will change more towards red and the other towards 
violet. One intensity of the components may be varied in a way that 
can be accurately measured by turning the Nicou prism n. The 
relative brightness of the two mixtures is adjusted by altering the 
width of the slit in B or C. 

“For determining the wave-lengths, the ocular lens is inserted in 
A. Then when sunlight is used, the FRAUNHOFER lines of the four 
spectra will be visible in the ocular slit. Individual lines can be isolated, 
and since the wave-lengths of even the finer lines are accurately known, 
it is possible ta determine the wave-lengths of the four average colours 
of the slit.” 


The apparatus designed by v. Fry and v. Kriss (Arch. f. Anat. u. 
Physiologie. Physiol. Abt. 1881; page 336) is adapted also for scientific observa- 
tions and measurements; as is also an instrument described by ASHER (Ver- 
handlungen der Deutschen Physikal. Gesellschaft. V. 1903) and one mentioned 
by Herine (Priticrrs Arch. LIV. 1893. 312), which, so far as the writer knows, 
has never been described any more fully. 


Various instruments have been designed for demonstrations of colour- 
mixing effects: ZoTH (PrLtcrers Arch. LX X. 1898. 1), ScHmNcK (Sitzwngber. d. 
Marburger Gesellschaft z. Bef. d. ges. Naturw. 1907), Baster (PLFUGERS’ 
Arch. 116. 1907. 628), SamosLorr (Zeztschr. f. Physiol. d. Sinnesorgane. 
XLII. 1909. 237), and Kroeu (Scandinav. Arch. f. Physiol. XVIII. 1906. 320). 
The writer has described a simple apparatus designed for laboratory instruc- 
tion: (Zettschr. f. Psychologie u. Physiol. d. Sinnesorgane, XLIII, 1919. 59). 
Some instruments intended for purposes of practical investigation will be 
described later. 


In describing the results of these investigations, it is best to con- 
sider trichromats and dichromats together. Two facts stand out 
prominently as being of more general significance and having wide 
bearing. The first of these is that typical dichromats (for whom 
according to HELMHOLTz’s way of looking at it the colour triangle 
would collapse into a straight line) fall into two distinctly separated 
types. The vision of these two types presents differences which 
certainly cannot be due to purely physical causes, for example, to more 
or less yellow colouration in the ocular media; and yet in each type 
separately there are individual distinctions which are not very great 
and are doubtless physical in their origin. 

The other important fact is that colour matches made by persons 
with normal colour vision are valid for both types of dichromats. 


14S. Garten, Hertnes Farbenmischapparat fiir spektrale Lichter. Zft. f. Biol. 
LXXII. 1920. 89-100. (H. L.) 
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Objectively unlike mixtures of light which appear to be alike to 
persons with normal colour vision appear alike also to dichromats. 
This is true except for the presumably physical differences just men- 
tioned, such differences as are to be found also among persons with 
normal colour vision. 

The first of these facts amounts to nothing more than what was 
already known before, for example, that in the case of some dichromats 
the red end of the spectrum is abbreviated. But the fact comes out far 
more distinctly in the difference of brightness between two kinds of 
light belonging to the half of the spectrum that corresponds to the 
long waves. These may be so chosen that all typical dichromats make 
correct matches with them for certain definite ratios of intensity; 
although these ratios have to be entirely different for the two classes 
of dichromats. In these tests the writer used red light of wave-length 
671pypy (lithium line) and yellow light of wave-length 589uy. The 
following table! exhibits the results obtained with twenty dichromats. 


Amount of red that it takes to match a given yellow 


1. WEN, "36.0 F. 214 
36.3 Vi 213 
36.3 M. Se. 211 
33.5 E. J. 205 
38.4 H. 196 
Pe be Wem S53 E. I 198 
Soa Ae Min ela E. II 210 
4. Sc. En.37.0 K. 200 
SO WNe moras W. 210 
Che 3720 B; 203 
7. H.Th. 36.9 40% 225 
8. O.Th. 38.0 
9. F. 40.0 


It is obvious here that, while the two types are sharply distinguished 
from each other, there is very close agreement between the individuals 
of each class. 

A detailed and complete determination of the mode of vision of 
the individual dichromat can be obtained by making a set of systematic 
observations on colour mixture, that is, by what the writer speaks of 
as ‘calibrating a spectrum” (Hichung eines Spektrums). The way this 
is done is to illuminate one of the fields of the apparatus by a mixture 
of light of short wave-length and light of long wave-length, the other 
field getting from its collimator a pure spectral light. This latter 
field is illuminated in turn by a series of pure spectral lights, and the 
mixture of red and blue light that looks like it in each instance is 


ly, Kries Zeitschrift fiir Psychologie etc., XIII. S. 925 
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obtained in the adjoining field. Thus for every part of the spectrum 
the amounts of red and blue are found which are in the mixture that 
matches this place. The red values of two dichromats, one of each 
type, are exhibited in Fig. 76, and the blue values in Fig. 77.2 It will 
be observed that while the red values are quite different for the two 
types, the blue values are not characteristically unlike. 
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The second fact mentioned above might be proved by calculation, 
in a perfectly exact and general way, provided the spectrum could be 
“calibrated” in a similar way for an-eye with normal colour vision. 
So far this has been done only for the less refrangible half of the 
spectrum. In this region a trichromat can match a given colour by a 
mixture of two others, one on either side of it. This part of the spec- 
trum, therefore, can be “calibrated” by using two standard lights; 
and then we are in a position to calculate immediately the distribution 


1 See numerical data, loc. cit. p. 252 and in Naggu’s Handbuch d. Physiol. III. page 153. 
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of the stimulus values for dichromats, knowing that for one class of 
dichromats the stimulus value of yellow-green light is about 20 times 
that of red light and for the other class about twice that of red light. 
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The calculated distribution agrees very satisfactorily with that found 
for dichromats, as the following table shows. 


Amounts of Lights Stimulus Value Stimulus Value 


Wave-length 670.8 and 552up for the eye of the for the eye of the 
of, the in the mixture green-blind red-blind 
Homogeneous 
Light 670.8 552 Calculated | Observed | Calculated | Observed 
0 (670.8) 88.5 — 33 33 4.9 4.9 
3 (628 up) 251 10.0 106 107 28.8 38.5 
4 (615 uu) 276 27 126 147 54.2 63 
5 (603 uu) 270 49 145 151 86 84 
6 (591 wu) 202 67 135 137 108 105 
7 (581 up) 123 76 114 124 117 113 
8 (571 wu) 73 91 110 103 137 126 
9 (561 uy) 21 80 76 82 111 106 
10 (552 up) — 71 64 64 101 101 


Thus it may be generally stated as a result of calculation, invariably 
verified in individual cases by experimental test, that colour matches 
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made by persons with normal colour vision are in fact valid for both 
kinds of dichromats.? 

As was stated, the entire spectrum would have to be “calibrated”’ 
for persons with normal colour vision in order to make a similar 
comparison throughout the whole range. Three calibrating lights 
would be needed for this purpose and therefore much more complicated 
apparatus. Observations of this kind have not yet been carried out. 
We are certainly therefore not in a position to prove the above law 
systematically. And yet it is easy to prove it by means of numerous 
and varied individual experiments, and there are no exceptions to it, 
so far as the writer’s experience goes. The changes that have to be 
made in any colour match made by a person with normal colour vision 
to make it right for a dichromat are usually very slight and such as 
occur with that particular type, being probably due to physical causes. 

The connection thus established and experimentally verified be- 
tween the two types of dichromats and between both of them and 
normal trichromats is identical with what Hrtmuoutz had already 
supposed to be probably the case. In order to have a name for it that 
expresses simply the experimental results without involving any 
theoretical consequences, the writer speaks of the two colour systems 
of dichromats as being reduction forms of normal vision. At any rate the 
simplest and most natural explanation of these abnormalities is to 
regard them as being deficiency effects, in the sense that each of these 
types lacks one of the component factors of the visual organ as assumed. 
in the HetmHoutTz theory. This was just the idea that was conveyed 
by the terms red-blind and green-blind that were formerly in use. And 
yet these expressions have been the source of much misunderstanding, 
for which the words themselves are perhaps partly responsible. As a 
matter of fact, green-blind persons are not really blind to green light, 
nor red-blind persons to red light; nor can it be assumed that the former 
lack the sensation of green and the latter the sensation of red’. In 
order to have brief descriptive terms for the relation that has been 
found to exist ‘here, without expressing any theoretical bias, the writer 
suggests the names protanopes and deuteranopes to describe the two 
kinds of dichromats, that is, persons who lack the first component or 
the second component, respectively, of the normal visual organ. 

1 A very simple proof of this statement is that matches of pure yellow with a red-green 
mixture are not the same for both kinds of dichromats unless the relative amounts of red 
and green are such that the mixture has the same colour as pure yellow for persons of normal 
vision (see Zt. f. Psychologie, ete., XIII. 277.) 

> Moreover, simply because the dichromat is supposed not to have some one of the 
three eomponents of the organ of vision, we have no right at all to infer that ordinary hetero- 


geneous daylight which has no colour for a normal eye looks blue-green to one kind of 
dichromat and purple to the other kind. 
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It may, therefore, be considered as established that colour matches 
which are valid for both kinds of dichromatic vision are valid also for 
trichromatic vision. Starting from this assumption, we can exhibit 
the laws of colour mixture for trichromats in the form of a colour 
chart which will not only express the qualitative relations, as was done 
formerly (see page 139), but will agree also with the quantitative 
results of observation. On the basis of the measurements of dichromats 
mentioned above, the writer has constructed a colour chart of this sort. 

Moreover, we obtain here something definite as to the way in which 
the separate components of the organ of vision are affected by light of 
different kinds. The term valence proposed by Herine is usually 
employed to denote the intensity of the action of a given light on a 
part of the visual organ.” Here, on the other hand, the term calibration 
value (Eichwerte) will be used for the amount of each of the three 
calibration lights in the mixture that looks the same as the given 
homogeneous light. Calibration curves and valence curves are curves 
for which the ordinate at any point represents one or the other of these 
two magnitudes as a function of the wave-length in the case of a 
definite spectrum. 

Now a simple consideration shows’ that the blue valences, that is, 
the stimulus values for the blue component substance of the eye, 
depend on the wave-length of the light in the same way as the observed 
blue calibration values do; whereas the valences of the first and second 
component substances may be any linear functions of the observed 
amounts of light of long wave-length. 

Owing to the frequency of the occurrence of the two kinds of 
dichromatism above mentioned and the typical uniformity of the 
phenomena, this kind of vision is easy to investigate and can be 
satisfactorily explained. But there is another kind of anomaly which 
may be called blue blindness or yellow-blue blindness concerning 
which our knowledge is still quite scanty. With reference to these 
disorders, it is worth mentioning that they seem to be seldom congen- 
ital, but are more apt to be acquired as the result of sundry diseases 
of the eye, particularly loosening of the retina. The disturbance in 
such cases is naturally mostly on one side and frequently confined to 
certain parts of the visual field. 


1 Nagets Handbuch der Physiologie. III. p. 162. Certain peculiarities in the form of this 
chart will be mentioned later. 

2 {Hxerine’s theory presupposes three visual substances or components that furnish 
the six fundamental sensations. Different kinds of homogeneous light affect these sub- 
stances differently. ‘All coloured lights, except the four primary colours, have three values 
or valencies, corresponding to their action on the three substances. The physiological 
value or ‘moment’ of a light depends upon its physical value and also upon the condition 
of excitability of the visual mechanism.” Parsons, Colour Vision, 253. GPS Ca8:) 

3 Nacet’s Handbuch der Physiologie. III. 8. 163. 
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In five cases investigated and described by Konia! the disorder 
was acquired. These individuals detected no difference between a 
yellow 566-570uu or a blue about complementary to it and a colour- 
less mixture. Moreover, special investigations with a series of colour 
combinations and matches showed that what was involved here was 
a form of reduction of normal vision. The phenomena are therefore 
in accord with what might be expected according to the HeLMHOLTz 
theory, when the blue component is lacking. Consequently, in line 
with the nomenclature suggested above, this anomaly may be called 
tritanopia. 

Some other cases of acquired unilateral anomalies invariably of a 
similar nature have been described by CoLuin and NaGEL.? 

In a case described by VintscHeav? and Herne! the anomaly was 
on both sides and congenital. Here again yellow and blue lights had 
the same appearance as composite white light. But not much difference 
could be noticed for red or green either, so that the condition was to 
some extent like that of total colour blindness. 

Other cases that may be mentioned are the one described by PipEr® 
and another one by Lrvy.® 

With reference to colour matches, it was stated above that certain 
individual differences are apparent in persons with normal colour vision 
and also in dichromats of the same type. This fact seems to have been 
first noted by MaxweE.’ who also expressed the opinion that possibly 
the explanation was a physical one and due to the yellow colouration 
of the fovea, which is different in different individuals. Quite a large 
mass of experimental work on this subject is available now, which 
tends to substantiate MaxweELu’s assumption for a portion of the 
phenomena anyhow. 

At the instigation of Herina, a direct physical investigation of 
the macular pigment in the isolated human retina was undertaken by 
Sacus.* He found that the long wave-lengths were not appreciably 
absorbed. The absorption begins in the yellow-green and continues to 
increase with decreasing wave-length. As to individual differences in 
colour matches, v. Frey and the writer® showed that for them these 
differences in a large number of trials with all sorts of combinations 


1 Sitzungsberichte der Berliner Akademie. 1897. 

2 Zeitschrift fiir Physiologie der Sinnesorgane. XLI. 8S. 74. 1906. 
3 PrLia@Ers Archiv. LVII. 191. 1894. 

4Tbid. LVII. S. 308. 1894. 

5 Zeitschrift fir Psychologie. XX XVIII. 8. 155. 1905. 

6 Archiv f. Ophth. LXII. 3. S. 464. 1906. 

7 Philos. Transactions 1860. 

8 Pritteprs Archiv. 50. §. 574. 1891. 

9 Archiv fiir (Anatomie und) Physiologie, 1881. S. 336. 
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were of such nature and so related to one another as to be accounted 
for by assuming a retinal pigmentation.! 

The corresponding phenomena occuring with dichromats of the 
same type are verymuch simpler. In the case of two protanopes who 
were carefully investigated by the writer, differences of this sort 
appeared very distinctly and regularly in “calibrating” a spectrum as 
described above. The amount of absorption for different kinds of 
light (or, to be more accurate, the ratio between the absorption for 
one light and for the other) can be ascertained by comparing the 
amounts of red in the red-blue mixtures that match. Thus the follow- 
ing table was obtained. 


Wave-length............ 670.8 656 692 568 615 603 591 581 571 56lyup 
Calculated ratio......... Voy 1d 1.05 1.00. 100 1.07 1.07 0.98 0:96 1.02 
Wave-length............ 552 544 586 525 515 505 496 488 480 469 yy 
Calculated ratio......... 0.91 0.91 0.97 0.91 0.63 0.63 0.57 0.42 0.41 0.3 


The absorption begins to be evident here at about 525yu, in 
agreement with the results found by Sacus. 

The differences observed in the same person between the place of 
clearest vision itself and the adjacent paracentral places likewise 
indicate the influence of colouration of the macula on colour matches. 
Most people can readily notice that, when they try to get a colourless 
light by mixing red and complementary blue-green, they have to use 
quite different amounts of the two colours according as the result is 
obtained by direct fixation or by paracentral observation. If the 
mixture is correctly adjusted for the fovea, it looks distinctly green 
when the eye is turned away a little. The differences between colour 
matches made for the central and paracentral retina have been care- 
fully studied by BrevR?, and his results likewise support the assump- 
tion of an absorbing pigment. 

There are difficulties about measuring the absorptions exactly, 
because the pigmentation, in many cases at least, is quite dilute, and 
hence colour matches for places that are distinctly outside the macula 
cannot be made very accurately. The amount of individual variation 
may be estimated to a certain extent on the basis of observations made 
on numerous subjects. This method indicates that the strength of the 


1 GApney and Fustine, Phil. Trans. Roy. Soc. 183A. 1892, p. 532. — W. ABNEY, 
Researches in colour vision and the trichromatic theory. 1913. — L. T. TRowanp, 
Apparent brightness; its conditions and properties. Trans. Illum. Engin. Soc. IX. 1916, 
947-966.—Hxcut, Seta and R. E. Wituiams, The visibility of monochromatic radiation 
and the absorption spectrum of visual purple. Jour. Gen. Physiol. V. 1922. 1-33. (H .L.) 

% Zeitschrift fur Psychologie, etc. XIII. S. 464. 
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blue light that gets through to the visual substance, after being 
diminished by absorption, is for persons with least macula pigmenta- 
tion, and for those with most, about in the ratio of 1 : 0.3. 

A general colouration of the ocular media, and particularly perhaps 
of the vitreous humor and lens, may also be taken into consideration 
in the same sort of way as in the case of the pigment of the yellow spot. 
It is well known that the lenses of elderly people are slightly yellowish. 
We can try to get some idea of the importance and effect of this 
colouration by testing different people for the twilight values of yellow 
and blue lights, the fovea being out of action under these circum- 
stances. That slight differences do occur here, which are however too 
great to be attributed to errors of observation, had been already 
found by Nace. and Strark.' The interpretation of these differences 
as being due to absorption by the pigment of the lens or vitreous 
humor is, however, rendered questionable, because the pigment of the 
macula extends quite far out beyond the central region where there is 
no twilight vision. The twilight equations too, as above stated, are not 
entirely constant but depend a little on the degree of adaptation. 

Hess? has recently made twilight equations between yellow and 
blue (the wave-lengths not being stated) on a large number of persons, 
obtaining considerable difference in not a few instances, which he 
attributes to the colourations of the vitreous humor and lens. 


This view of macula pigmentation, and its bearing, which has been pretty 
generally accepted for a long time, has recently been called in question by 
GULLSTRAND,’ as stated on p. 804. Thus far the writer has not been convinced 
that the objections urged against the hitherto accepted opinion were con- 
clusive and that it would be necessary to adopt GuLLSTRAND’s proposed 
explanation in place of it.4 

Another question is whether there may not be other individual differences 
besides the physical factors alluded to here, as Miss v. MaLTzrEw’® is disposed 
to think. However, as this has to do with observational methods which will 
be discussed later, it seems best to defer their consideration. 


Since the appearance of the first edition of this treatise, an extensive 
and important addition to our knowledge has resulted from the more 
exact investigation of those forms of colour vision which Kén1e@ speaks 
of as anomalous trichromatic systems. A fact discovered by RAYLEIGH® 
was the starting point of these researches. If a large number of pecple 
are required to make colour mixtures with homogeneous red and 


1 Srark, Beitrag zur Lehre von der Farbenblindheit. Diss. Freiburg 1897. 
2 Archiv f. Augenheilkunde LXIII. S. 164. 1909. 

3 Arch. f. Ophth. LXII. S. 1. 1905. 

4 The writer hopes to return to this subject briefly in another place. 

5 Ztschr. fiir Physiologie der Sinnesorgane XLIII. S. 76. 1909. 

6 Nature XXV. S. 64. 1881. 
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yellow-green (671 and 536yy, corresponding to the lines of lithium and 
thallium) that will match a homogeneous (sodium) yellow (589ux), 
it is found that the red and green are not always mixed in the same 
proportion. It is true that in the large majority of cases the differences 
are only comparatively slight. Moreover, the settings of these persons 
are always close to one another, so that they are naturally classified 
in a group of individuals who agree among themselves, not absolutely, 
of course, but approximately. Anticipating things a little, let us say 
at once that these are persons whose colour vision may be considered 
as perfectly normal. We shall have to consider later the differences 
that occur also in this class with regard to making the RayLricu 
colour match. At the same time there is found to be a smaller number 
of persons whose settings are very considerably different from the 
others. Some of them will use far more green, and others far more red, 
in the mixture than the large majority do. Thus red-green mixtures 
which look to these people like sodium yellow are either distinctly 
green or distinctly red to most people. It is natural to suppose that the 
way most eyes are found to behave is a better and more perfect way, 
and to regard deviations in the nature of anomalies; and hence we are 
warranted here in speaking of anomalous trichromatic systems. It 
should be mentioned at once that the test described above is not the 
only way, although it is the best and most reliable one, for detecting 
this peculiar kind of vision, and for that reason it has gained a special 
importance. Hence, a short name has been invented for colour matches 
between sodium yellow and lithium-thallium-mixtures, namely, the 
RayYLeiIcH-equation (or RAYLEIGH test). 

Moreover, for reasons that will be evident as soon as certain facts 
are stated, as will be done immediately, NaGEL suggested calling that 
class of these people protanomalous, who use more than the normal 
amount of red in the RayLErGH-test; and the other class deuter- 
anomalous, who use too much green. 

A more exact examination of the anomalous trichromats shows 
that the deviation from the normal cannot be due to absorption of 
light by a pigment in the ocular media or in the retina. Were such the 
case, so that, for example, the amounts of green light reaching the 
visual substance for a normal and for an anomalous eye were in the 
ratio of 1:a, then (other properties of the visual organ being alike 
in the two cases) the anomalous individual would always have to use 
more green than the normal person, in the ratio of 1:a, in trying to 
match a red-green mixture with any homogeneous light. But this is by 
no means the case. The fact is rather that the two red-green ratios 
(for the normal eye and for the anomalous eye) are found to be very 
different according to the kind of homogeneous light that is matched, 
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and that the quotient of the two ratios varies in a regular way with the 
wave-length of the homogeneous light. An illustration is given in 
the following tables.! 


Homogeneous light | Quotient of the ratio (red : green) 
for the two observers 


628 wy 4.51 
GLomae 3.74 
603 * 3.15 
691 -“ 3.14 
581 2.68 
Déilies 2.48 
SO lar 2.15 
Lita p4n O 2.12 


Homogeneous light | Quotient of the ratio (red : green) 
for the two observers 


625 up 0.019 
613 “ 0.123 
COlmen 0.230 
589 “ 0.278 
S79). 0.262 
569 “ 0.249 
Doone 0.176 
aga 0.080 


As stated above, it may be inferred from this fact that these 
differences are not due to physical causes, but rather to modifications 
of some kind in the parts of the visual organ that can be affected by 
light. In order to express this idea and at the same time to bring out 
the distinction between these forms of colour vision and the reduction 
systems, which is an important one so far as theory is concerned, the 
former may be referred to as alteration systems.2 While all colour 
equations valid for normal vision are also valid for the reduction sys- 
tems, a characteristic of the alteration system is that this is not the 
case. This fact is brought out particularly clearly in the case of the 
RaYLeicH-equation. Lights that look alike to the normal eye have to 
be changed considerably to be made to match for vision of this kind. 


1See v. Krins Zeitschrift fiir Psychologie etc. XIX. S. 65. 

* This distinction between “reduced” and “altered’’ systems is essentially the same 
as that made by Hmrine (Priiicers Arch.LVII. 308), although the terms heemploys (qual- 
itative and quantitative modifications of colour vision) are not very apt and may easily 
lead to misunderstanding. The subject is discussed by the writer in his paper: ‘Uber 
Farbensystem, Zft. f. Psychol. u. Physiol. der Sinnesorgane, XIII. pp. 246 and foll. 
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So far a complete ‘‘calibration” of a spectrum has not been made 
for anomalous trichromats any more than for persons with normal 
vision. Only the less refrangible half has been ‘calibrated’ just as in 
the case of normal vision. These “calibrations” have been made by 
two observers, one of whom had one form of the anomaly, and the other 
the other form. 

If these results are used for making calculations similar to those 
that were mentioned above as having been made for the normal eye, 
it is found that the colour matches of one group agree very closely 
with the results for deuteranopes, and those of the other group with 
the results for protanopes. Thus, in terms of the HELMHOLTz theory, 
the presumption is that in each case only one of the three hypothetical 
component substances of the visual organ is modified as compared with 
the normal condition. For instance, if colour matches made by an 
anomalous trichromat are found to be valid for a deuteranope, it may 
be inferred that the two are alike so far as the red component substance 
is concerned, and that vision is normal to this extent. If the anomaly 
has to do with the green component, the colour matches will not 
indeed be valid for anormal subject, but will be valid, on the other hand, 
for a deuteranope who has not got this component substance at all. 
Now, as a matter of fact, as stated above, this is what seems to be the 
case. Consequently, we can assume that in the protanomalous an 
alteration occurs in the red component; and in the deuteranomalous 
an alteration in the green component. 

There is some difficulty about giving a theoretical explanation of 
these anomalies, because neither of them represents a unique type. 
Both forms include individuals with minor differences amongst them- 
selves, although these differences may perhaps be regarded as different 
degrees of the same kind of anomaly. They do not come out so clearly 
in the, RAYLEIGH test as might be expected; perhaps because even with 
normal persons not altogether slight variations are found in making 
the RayizicH test which are due to physical causes. On the other 
hand, in connection with a series of other phenomena, the different 
degrees of the anomaly are manifested very distinctly. 

Aside from differences in making colour matches and “calibrations,” 
a number of important peculiarities are to be found among anomalous 
trichromats. We are indebted especially to NAGEL’s investigations* 
for light on this subject. Donp»rs had long ago expressed the view that 
such persons had a “dim sense of colour.” This indeed has now been 
thoroughly established; that is, the anomaly of the colour system (in 
the sense of having to make a different setting for the RAYLEIGH- 


1 Klinische Monatsblatter f. Augenheilk. XLII. S. 356. 1904.—Zeitschr. fiir Psychologie 
ete. XLI. S. 239, 319, 455. 1906. — Also Gurrmann, ibid. XLII. 8. 24 and 250. 1907. 
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equation) can be considered as an important and sure sign of “colour 
infirmity.” 

No doubt, to some extent, loss of ability for discrimination is a 
factor here, but the main thing is an impairment of the faculty of 
recognizing colours. 

So far as the first point is concerned, most anomalous trichromats 
make the RayLercH-equations, and many of them make matches 
also between other homogeneous lights and red-green mixtures, almost 
as accurately as persons with normal vision. 

However, even in these cases power of discrimination for variations 
of wave-length is apparently on the wane. For instance, GUTTMANN 
made errors at 589up averaging from 12 to 13u4y; whereas in the case 
of normal persons working under the same conditions the error amount- 
ed to only one or two units. 

But along with this there is another factor that is more complicated. 
For example, in order to make a colour match with sodium light or with 
one of longer wave-length, the mixture of red and green has to be 
pretty nearly in a fixed ratio. On the other hand, if the experiment 
is made with a homogeneous light whose wave-length is decidedly less 
than 589up, the settings become entirely uncertain and variable. 
Moderate amounts of red not only do not upset the match, but the red 
can even be reduced to nothing. In other words, homogeneous light of 
536up can be displayed alongside the yellow without the two fields 
ceasing to look at least approximately the same. Evidently, therefore, 
power of discriminating variations of wave-length in the region from 
570 to 535upy is very much diminished here. These are extreme cases 
of so-called deuteranomaly. Extreme cases of protanomaly also occur, 
in which homogeneous yellow, and particularly lights of somewhat 
longer wave-lengths, appear to be almost the same as spectral red. 
Here too the setting for colour matches between red-green mixtures 
and certain homogeneous lights may be entirely wrong. 

A still simpler indication of infirmity of colour sense is more or less 
inability with respect to absolute recognition of colour. The coloured 
object has to be much larger for anomalous persons than for people 
with normal vision. Mere reduction of the visual angle is sufficient 
to make the colour of the object unrecognizable, even when it can 
easily be perceived by a normal eye. 

Another regular difficulty that anomalous persons have is that they 
take a longer time to decide what the colour is. If the coloured object 
is exposed to view for very brief, measurable intervals of time, the 
minimum time required by an anomalous person to recognize the 
colour will be found to be much longer than that required by a normal 
person. 
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Perhaps connected with the difficulty of recognizing the right 
colour, is another peculiarity that Nacexfound to be very noticeable in 
all anomalous persons. This was what appeared to be an accentuation 
of certain contrast phenomena. For example, a yellow field viewed 
by itself is described correctly as yellow; but if it is displayed alongside 
a red field, it is then called green. This is the explanation of what is 
practically a very important fact, namely, that in observing two 
adjacent objects of different colours, anomalous persons are liable to 
make big mistakes that would be entirely out of the question in normal 
vision. Thus a gaslight or electric light of the usual pale yellow colour 
is taken for green if it is put by the side of a red light. 


Note by v. Kries 
(Prepared specially for insertion here, January 1924) 


In recent years extensive studies have been made on the connections 
between the various forms of anomalous colour vision. Hess}, in 
particular, has carried out very thorough investigations on this subject. 
The writer will limit himself here to a brief discussion of the matter so 
far as it has to do with typical dichromats (protanopes and deuter- 
anopes). 

The old view, as represented by SEEBECK and HELMHOLTZ, namely, 
that the cases of congenital partial colour blindness were arranged in 
two typically different groups not connected by any transitions, had 
been, as stated above, fully established by systematic testing of 
colour-mixture equations. Hzxss has again challenged this fact. The 
particular support on which he relies is that even within each group 
there are considerable differences in the mode of vision. However, 
Hess’s observations were not made under conditions that insure pure 
daylight vision, and for this reason alone decisive importance cannot 
be attached to them. For the point that is of theoretical interest is, 
whether or not there is a distinct difference between the mechanisms of 
daylight vision in the protanopic and deuteranopic visual organs. This 
question can only be decided by observations where precautions have 
been taken to insure practically pure cone vision, by having the eye 
light-adapted and the observation confined to a small field. If, for 


ly, Huss, Die Rot-Griin-Blindheiten. Prrticmrs Archiv, CLXXXV. 1920.—Idem, Die 
angeborenen Farbensinnstérungen und das Farbengesichtsfeld. Archiv. f. Augenheilkunde, 
LXXXVI. 1920. — v. Huss gave a very thorough account of the subject in his article on 
“Farbenlehre” in the Ergebnissen der Physiologie, Bd. XX. p. 1. 1922. See v. Krius’s re- 
view of this article, Zur physiologischen Farbenlehre, Klinische Monatsblatter f. Augen- 
heilkunde, LXX. p. 577. 1923. 
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instance, it was found that different protanopes disagree more or less 
about what is the brightest place in the spectrum, this might easily 
be due to the fact that under the conditions in which the observations 
were made the relation between rod-activity and cone-activity was 
very unequally adjusted for different individuals. Now it is a well- 
known fact, without any particular further significance, that the 
capacity for twilight vision, and hence also the ratio in which the two 
component parts of vision are concerned in the resultant sensations, 
differs very much in different individuals. There is another point that 
is more important. Hess finds not only that protanopes as well as 
deuteranopes are without the red-green sense, but that in the former 
the yellow-blue sense also is lowered as compared with that of persons 
with normal vision or with that of deuteranopes. For this reason he is 
disposed to regard protanopia as being a transition-stage of that 
dichromatic condition, which is due to lack of the red-green sense on its 
way to total colour blindness. If this fact should be established, it 
would constitute a behaviour of great theoretical interest. On the 
assumption that the normal visual organ (the only question here is as 
to the daylight mechanism that has colour vision) is converted into a 
protanopic eye by the lack of one component and into a deuteranopic 
eye by the lack of the other component, it may be the case that both 
of these organs are indeed adapted for producing the sensation of 
yellow and the sensation of blue, and yet that the yellow-blue sensa- 
tion, like the entire daylight vision, has an altogether different basis 
in the two different visual organs. A whole series of facts testifies to 
the fact that in normal daylight vision it is precisely the red component, 
the very part that the protanope lacks, that has a specially important, 
indeed a principal, significance.1. This being the case, the lack of this 
component, that is, protanopia, must mean a far more serious injury 
than the lack of the other component, that is, deuteranopia. According 
to this, we can understand how it is that both protanopes and deuter- 
anopes have indeed the faculty of seeing yellow and blue, but not 
equally well, and why the deuteranope is as a rule, or at any rate on the 
average, superior to the protanope in this respect. Nor would it be 

1 K6nie long ago called attention incidentally to the curious fact that the luminosity 
values of the colours, no matter whether they are determined by the direct impression they 
produce or are measured as peripheral values or flicker values, turn out to be very nearly 
the same function of the wave-length for deuteranopes and persons with normal vision. 
Since in the case of deuteranopes light of long wave-lengths has no effect except on the red 
component, we must suppose also that this action depends on the wave-length in the same 
way. But then the further result is that the distribution of luminosity is not affected, or 
at least almost inappreciably affected, by the addition of the green component by which 


the deuteranopic visual organ is converted into a normal organ; in other words, that in the 


case of normal vision also the luminosity goes practically hand in hand with the action of 
the red component. 
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strange if under some circumstances, dependent on a vision in which 
rod-function and cone-function were intermingled, this vision should 
on the average gain the upper hand more strongly with protanopes 
than with normal persons and deuteranopes. Then indeed we could 
speak of an approximation to total colour blindness, of course only in 
the sense in which that term is understood in the duplicity theory. 
Unfortunately, the method which Hzss used in his observations does 
not enable us to come to any sure decision about these points. Thus, 
he ascertained the limits of the visual field for seeing yellow and blue 
with suitable objects, that is, the extent of the so-called colour-fields 
of vision. But his own observations show that even with persons whose 
visual organs are the same in other ways, and particularly in the case 
of persons with normal colour vision, there are very considerable 
differences in the extent of these fields among different individuals. 
And hence in the first place it seems hardly permissible to draw any 
definite conclusions from the differences in this respect that were 
found between protanopes and deuteranopés. 


2. The Phenomena of Daylight Vision Under Conditions that make it 
Difficult or Impossible to Recognize Colours 


The above description of normal and abnormal vision has been 
confined principally to perfectly definite conditions, those in fact that 
are most conducive to distinguishing and recognizing colours. Even 
in the normal organ of vision there are conditions for which the sensa- 
tions are modified as to their colour specifications, or they may be 
entirely lacking. Most important of all is the case when the light does 

-not fall on the fovea but on more or less eccentric parts of the retina; 
and another case of importance is when the time of exposure or the 
apparent size of the object is reduced. 

The facts concerning the first case have already been partly con- 
sidered in the main text (p. 154). As was there stated, the coloured 
character of the sensation produced by a certain kind of light acting on 
the eccentric part of the retina depends to a very great extent on the 
absolute intensity of the light and on the luminous area. Along with 
the fact that the pigments used were not exactly defined, this serves to 
explain the many conflicting statements of the earlier workers in this 
field. ‘In numerous details the conditions have been clarified by Hxss’s 
investigations.! The appearance of most.colours is found to alter more 
and more towards the periphery of the retina. There are just four hues 
that tend to fade out without losing their quality. These ‘invariable 
colours’? are a green of 495yy, a nearly complementary red (spectral 


1 Archiv f. Ophth. XXXV. (4). 8. 1. 
2 {See Parsons, Colour vision, p. 70. (J. P. C. 8.) 
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red with a little addition of blue), a yellow of 574.5uu, and a blue of 
A71up. The first two lose their colour at a comparatively short distance 
out from the centre; the last two very much farther out. When the red 
and green objects are of the same size, saturation and luminosity’, 
the limits are found to be the same for both of these colours. The same 
thing is true with respect to yellow and blue. The limits for yellow and 
blue being farther out than for red and green, in the case of objects of 
given size, luminosity and saturation, we can speak of a dichromatic 
zone; in which the invariable red and green look colourless, and the 
invariable yellow and blue are seen in their ordinary hues. A simple 
rule for the qualitative changes of all colours that are comprised 
between these invariables is that the red (or green) sensation disappears 
more quickly than the blue (or yellow), and so it approaches the latter. 
Thus violet and blue-green blend into blue; orange and green-yellow, 
into yellow. 

Vision in the dichromatic zone is, at all events, different from that 
of the protanopic eye. It might be something like that of the deuter- 
anopic eye; although it is not certain as to whether this agreement is 
perfectly exact. This matter will be discussed later. 

An outermost zone of the retina in which even yellow and blue 
objects have no colour? may be said to be totally colour-blind or ‘‘mono- 
chromatic,’’® although it must be remembered that the extent of this 
zone depends very much on the luminosity and size of the object. The 


1 What is meant by the ‘‘same saturation”’ is, for instance, when the two equal sectors 
on the colour top produce a colourless mixture. 

As to “same luminosity,” there is some uncertainty about this point in Hxss’s work. 
His condition is that the two colours must have the same ‘‘white valence.’’ This amounts 
to defining white valences in two ways, (1) as being the same as what we now call twilight 
value, and (2) as being the same as what we now call peripheral value (see page 415). At 
that time it was not understood that these two things are entirely different. Presumably, 
the condition involved here (so far as the light-adapted eye is concerned) means that the 
peripheral values of the two colours must be the same. 

2 9C. E, Ferrer and G. Ranp, The absolute limits of colour sensitivity and the effect 
of intensity of light on the apparent limits. Psychol. Rev. XX VII. 1921, 1-23.—The extent 
and shape of the zones of color sensitivity in relation to the intensity of the stimulus light. 
Amer. Jour. Physiol. Optics. I. 1921, 185-213. — The limits of color sensitivity; effects of 
brightness of preexposure and surrounding field. Psychol. Rev. XXVII. 1921, 377-398.— 
Some contributions to the science and practice of ophthalmology. Trans. Internat. Cong. 
Ophthalmol. Washington, 1922, pp. 1-36—Perimetry; variable factors influencing breadth 
of color fields. Amer. Jour. Ophthalm. V. 1922, p. 886.—A new laboratory and clinical peri- 
meter. Jour. Exp. Psychol., V. 1922, 46-67. (H. L.) 

$ {This use of the word “monochromatic,” to describe the type of vision of those “people 
who apparently see all parts of the spectrum of one hue” (Parsons) is, of course, entirely 
different from the way it is used in Physics. The physicist is accustomed to speak of “‘mono- 
chromatic” light, meaning light of a definite wave-length, and of “monochromatic aberra- 
tions” (as used by HetmuHoitz and GuLisTRAND in Volume I). The word “achromatic” 
is in the same predicament. This is a good instance of the “confusion of tongues’”’ among 
different groups of scientists that often makes it exceedingly difficult for one to understand 
the terminology of the other even when both have the same thing in mind. Total colour 
blindness or monochromatic vision is the same thing as “achromatopia.” (J. P. C. S.) 
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disappearance of colour can be noticed best on the nasal edge of the 
visual field. When bits of coloured paper on a grey background are 
carefully inserted in the visual field from this side, they always show up 
at first as brighter or darker spots without any colour. Under these 
circumstances any pair of lights can be made to look exactly alike by 
simply adjusting their luminosities in the right proportion. And hence 
the mode of vision can be determined exactly as in the case of a totally 
colour-blind eye, by finding out the requisite luminosities of the 
various parts of the spectrum or the distribution of the spectral 
stimulus values that have to be taken into consideration here. The 
writer has found the distribution of these stimulus values, or peripheral 
values (as he terms them), in the dispersion spectrum of gaslight. In 
order to show at once the theoretically important fact that the peri- 
pheral values depend on the wave-length in an entirely different way 
from the twilight values, both the peripheral values and the twilight 
values are given in the following table (the values for sodium light 
being put equal to 100).! 


Wrave-length. 0.2.56. e060 680 651 629 608 : 589 573 558 ~ 530 513 pz 
Peripheral value........... OO pono ul cOm LOM 100) 57921 65252 628.5 14.6 
Mwilight-value............. ? 3.4 14.0 35.5 100 256 351 321 198 


The results are exhibited in Fig. 78 in the usual way.” 


As was mentioned phe a 
above, the sensation can [ ara 
also be deprived of its Se ian cae 


coloured character by + Ho 
reducing the time of ex- 4 sii ro @ | 
posure or the apparent  #4+——} Ccor eto lal ale tche 
size of the stimulating ot i Ff ae a ne 
light. The factors in the ; fal Joeeo ss 
first case have not yet 

been accurately deter- El 
mined. On the other 
hand, Srmspeck® has | 


made a systematic 


study of the other case. 680.657 soul 008 —S8D__—~6TS ie | 630 512 

He finds that, with Fig. 78. 

spectral lights of Distribution of the peripheral values and of 
the twilight values...... in the prismatic spectrum of 


average luminosity, 


gaslight. 
colours cannot be made 


1 |See Parsons, Colour vision, p. 71. (J. P. C. 8.) ; 

2 {Compare Parsons, Colour vision, Fig. 25, where these curves are called “photopic 
luminosity curve for the totally colour blind peripheral zone of the retina,” and “sco- 
topic luminosity curve.” (J. P. C. 8.) 

3 Zeitschrift fiir Physiologie der Sinnesorgane XLI. 8. 71. 
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to disappear entirely at the fovea by reducing the size of the field; 
although it is easy to do so at very small distances from the centre 
(1.5°). Accordingly, it is possible to determine for what luminosities 
different lights are visible under these conditions; an investigation 
that is perfectly analogous to that which has just been described; 
where the colours are made to disappear by being observed far out 
from the centre. The stimulus values found in this way may be termed 
minimum-field luminosities. The results obtained by SrzBEcK are givén 
in the following table, which shows that the minimum-field luminosities 
are likewise entirely different from the twilight values, but are in 
approximate agreement with the peripheral values (the maximum 
being at 601.3). 


Wave-length.............. 658.0 650.1 642.4 635.0 627.8 620.8 604.2 
Minimum-field luminosity... 44.9 56.7 66.6 G24 84.2 91.5 104.3 


Wave-length.............. 607.8 601.3 595.2 598.3 584.2 579.1 574.1 
Minimum-field luminosity. . 112.8 128 110.9 100 90 81.6 — 79.5 
Wave-length.............. 569.3 564.8 560.1 556.4 551.4 547.2 542.9 
Minimum-field luminosity. . 72.9 68.6 62.6 58.5 52 47.3 42.8 


In finding the minimum-field luminosities and the peripheral 
values, it is necessary to compare the luminosities of lights of different 
colours. It is possible to do this just because under the given conditions 
the sensations do not reveal differences of colour. This question of com- 
parison of the luminosity of lights of different colours is not only one 
of general interest but has been the subject of much controversy. In 
these observations, therefore, we may speak of methods of hetero- 
chromatic photometry 

A series of other observations will, therefore, be included here, 
because from this point of view they are connected with those that 
have just been described. The following fact, discovered first by Roop, 
constitutes the starting point of these observations. If, by means of a 
colour disc, the eye is exposed alternately and regularly to two lights, 
one coloured and the other not, and if the luminosity of the colourless 
light is systematically varied, there is a certain definite value for which 
a minimum number of alternations suffices to make the sensation 


‘In the use of this term undoubtedly one has to be on his guard against making a mis- 
take or at least against being misled by very questionable assumptions. It does not mean 
to imply at all that the luminosity-relations of different lights must necessarily be the same 
when the colour is made to disappear in some other way; nor does it mean that equality 
of brightness of two sensations of different colour is any precisely defined relation. See 
the writer's work on this subject in Naarts Handbuch der Physiol. III. pages 28 and 259. 


{Consult also GuazEBRoox’s Dictionary of Applied Physics, IV (1923), pages 453, 
foll. (J. P. C. 8.) 
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uniform and the flicker disappear. When this luminosity of the 
colourless light has been found and the disc made to rotate just fast 
enough for the flicker to disappear, the flicker appears again as soon 
as the luminosity of the colourless light is increased or decreased. 
Without implying anything as to the theory of the phenomenon, let us 
speak of two lights whose intensities are adjusted for the minimum 
“fusion frequency” as being “equivalent as to flicker’’; and call the 
luminosity of the colourless light which is “equivalent as to flicker” 
with a given coloured light its flicker value. A determination of the 
flicker values for the prismatic spectrum of gaslight has been made by 
Pouimantt.! The results are given in the following table.? 


Wave-length........ 687 664 642 624 606 588 565 5438 526 500up 
Flicker value........ 28.3 31.2 56.6 75.2 87.9 100 83.1 48.1 25.0 21.9 


Evidently, the distribution of the flicker values agrees, approxi- 
mately at least, with those of the peripheral values and minimum-field 
values; but it is entirely different from that of the twilight values. 

Quite a number of other methods have been used for comparing the 
luminosities of lights of different colours; and some have been proposed 
without ever having been employed. 

VirRorpDT’ considered two coloured lights as being equally bright 
when their luminosities were such that a certain white light added to 
them could just be perceived. According to another principle, likewise 
based on flicker phenomena but not to be confused with that of 
Roop’s mentioned above, lights of different colours may be regarded 
as being equally bright which, acting intermittently, have to have the 
same frequency to produce a steady sensation without any flicker in it 
(HaycraFrt, Rivers’). 

Moreover, there is an observation reported by Bricker that 
indicates something analogous in space-discrimination to Roop’s 
observation for time-discrimination alluded to above. When a coloured 
object is displayed against a colourless background, there is a certain 
perfectly definite luminosity of the background for which it is hardest 
to recognize the object, no matter what angle it subtends; and the 
luminosity of the coloured object may then be said to be equal to that 
of the background. 


1 Zeitschrift fiir Psychologie etc. XIX. 8. 263. 

2 See Parsons, Colour vision, Fig. 26. (J. P. C. 8.) 

3 Poacenporrrs Annalen. CKXXVII.— Die Anwendung des Spektralapparates. Tib- 
ingen 1871. 

4 Journal of Physiology XX1. 8. 126. 

5 Ibid., XXII. S. 137. 


418 The Sensations of Vision (350, 351. K. 


One of the methods used by Briicxe! consisted in mixing small 
amounts of different greys with the colour to be tested. If a small 
piece of grey paper is placed on a coloured dise so as to make a ring of 
the right width when the disc is set in rotation, it can be decided with 
a comparative degree of certainty whether the ring is brighter or darker 
than the rest of the disc; that is, whether the grey is brighter or darker 
than the coloured paper. Fundamentally, this procedure is also a 
direct comparison of the luminosity of unlike colours (which differ also 
in saturation). There is the advantage, however, of being able to com- 
pare two colours of the same hue that do not differ much in saturation. 

Lastly it will be recalled that FRAUNHOFER tried to compare the 
luminosity of light of different colours directly by their subjective 
impression, the colours being visible. This method was subsequently 
undertaken again by K6nic? on a rather bigger scale. His results on 
five normal subjects are given in the following table. 


Wave-length Luminosity for Observer 

wp I II Ill IV Vv 
670 0.855 1.120 = ~- — 
650 2.381 2.137 ile abs _ 0.64 
625 3.460 3.413 2.06 1.10 1.24 
605 3.650 3.247 2.56 1.66 1.56 
590 3.030 2.645 2.38 2.05 1.58 
575 2.358 1.923 2.00 2.08 1.56 
555 1.695 1.389 1.50 1.65 1.36 
535 1 1 1 1 1 
520 0.554 0.553 — = — 
505 0.224 0.250 — — — 
490 0.0994 0.092 — — — 


Accordingly, in approximate agreement with the peripheral values 
and flicker values and also with the minimum-field luminosities, the 
maximum luminosity, on the average anyhow, is on the red side of the 
sodium line. The results for the different subjects, it is true, vary a 
good deal, especially too in the position of this maximum. Incidentally, 
these tests have been shown to be quite uncertain. The setting of two 
unlike colours at equal luminosity is very variable and often also seems 
to be somewhat arbitrary. And hence it is difficult too to decide 
whether the individual differences exceed the degrees of uncertainties 
and fluctuations of this nature. 


Some of the investigations referred to above have been extended to 
a larger number of persons, normal and anomalous. These results 
must now be briefly considered, as they are of some theoretical interest. 


1Pririicers Archiv XCVIII S. 90. 
2? HeELMHOLTz Festschrift. 1891. S. 350. 
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In the first place it seems that even normal persons are subject to 
not altogether inconsiderable variations in this matter. This is ap- 
parent in some degree in the above measurements of Kénic. But 
even in those methods where the uncertainty due to difference of 
colour is eliminated, variations are manifested. Thus PoLmmanti’s 
results for the distribution of the peripheral values in his own case are 
distinctly, although not considerably, differentfrom those of the writer. 

Miss v. MautzEew’s extensive experiments! were concerned mainly 
with flicker values, and showed that even among normal trichromats 
there are very considerable differences in this respect. Apparently, 
these variations are regularly connected in some way with the differ- 
ences alluded to above in making the setting for the RayLErcH- 
equation. Persons who use comparatively much green in the mixture 
likewise require a high luminosity of green to give it a flicker value 
equal to that of a certain red. 

As to the phenomena in anomalous vision, the results indicate, as 
might have been expected that the most favourable conditions for 
such colour sensations as dichromats have are in the fovea, At a 
certain distance from the centre, assuming that the conditions are 
suitable in every way, colour determinations are found to be entirely 
impossible. Accordingly, peripheral values can be determined in 
their case in the same way as for normal persons. ‘The result then is 
found to be that the distribution of the peripheral valuesfor protanopes 
is entirely different from that for persons with normal colour vision, 
as shown in the following table.’ 


Wrave-lencth: cece ccs secs es 680 651 629 608 587 573 558 530 513 
Peripheral value for protanopes.4.1? 10.7 34.0 100 110 36.4 
Peripheral value for normal 

MOCTSONS tetereyeis ct rels oh acouesesere ee: ONG or.o adso) LOL 100 7946" 5252) 28. bn 14.6 


A similar difference is found also in the case of the flicker values’, 
not for the protanopic eye only, but for the protanomalous eye as well. 
Thus, generally, in order to get the requisite effect here, the luminosi- 
ties of the red light have to be very much greater for both of these 
anomalous kinds of vision than for normal vision. 

The differences, between normal colour vision, on the one hand, and 
protanopic and protanomalous vision, on the other hand, are in fact 
so large as to be apparent without any question, even when lights of 
different colours are compared simply by the subjective impression 


1 Zeitschrift fiir Physiologie der Sinnesorgane. XLIII. 8. 76. 1909. 

2y. Krins, Zeitschrift fiir Psychologie. XV.S. 266. Similar results were subsequently 
obtained by v. d. Wispn, Onderzoekingen, Utrecht. 4. III. 2. 

3 Potrmantt, loc. cit. S. 274. — Levy, Zft. Psychologie, etc. XXXVI. S. 83. 1904. 
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of their brightnesses. This fact has been established by a number of 


observers. 

In the writer’s first observations a trifling difference, hardly beyond 
the limit of error, was found between the peripheral values of a deuter- 
anopic eye and those of a normal eye. But ANnaiER? believed that he 
could prove that there certainly was a difference in this respect. How- 
ever, some doubt has been raised as to the correctness of this con- 
clusion by Miss v. MautzEw’s results as to the individual differences 
of flicker values that are found to occur among normal trichromats. 
The differences which she got were very large, as has been stated. 
The deuteranopic and deuteranomalous persons investigated by her 
arranged themselves in between the normal trichromats. It is at least 
conceivable that the individual differences in the ratios of the peri- 
pheral values are approximately similar to those of the flicker values; 
and if this is the case, it would be expected that also the differences 
in this respect between normal vision and deuteranopic or deuter- 
anomalous vision would anyhow not be so large that they could not be 
accounted for by individual differences within the same type.® 


On the assumption that trichromats and deuteranopes agree as to peri- 
pheral values, and, further, that lights of equal peripheral values, even when 
they are seen centrally and therefore in different colours, give the impression 
of being equally bright, it follows that green and bluish-red lights which look 
alike to the deuteranope will look about equally bright to a person with normal 
colour vision. Asa matter of fact this is the case, as far as we can tell with the 
great uncertainty that exists in heterochromatic comparisons of bright- 
ness. Certain peculiarities of the colour chart mentioned by ScHENCK are 
connected with this fact. It has been already shown (§20) that the colours 
that look alike to dichromats lie on straight lines that must all intersect at 
one point (in case the dichromatic system is a reduction form of normal 
vision). This point, which generally is outside of the real part of the colour 
chart, represents the stimuli which act only on the component that is not 
present in the dichromatic eye. 

The construction of the colour chart, and hence also the position of this 
point, is arbitrary to the extent that unit quantities of the three calibration 
lights can be selected in any way we like. It is always possible to choose them 
in such a way that the point is infinitely distant, that is, so that colours that a 
dichromat cannot tell apart will fall on parallel lines. In order for this to be 
the case for a deuteranope, according to the assumptions made here, the unit 
quantities of the three calibration lights would have to be chosen so as to be 
about equally bright for the normal eye. 


We have had to limit this treatment to a discussion of those anom- 
alies of colour vision that are of particular interest from physiological 
standpoints. Of course, the subject is of much interest in other direc- 


1 Levy, loc. cit. — Scumncx. Prititeurs Archiv CXVIII. 8. 174. 1907. 
2 Ancier, Ibid. XX XVII. 8S. 401. 1905. 
3 ¥Parsons, Colour vision. p. 179. (J.P. C.S.) 
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tions. As to the general biological relations (inheritance), statistical 
data and practical significance, HoLMGREN’s work is still the standard 
book of reference on this subject.! 

From the practical standpoint, the thing of most importance, as 
has been shown by NacEt’s recent researches, is that not only dichro- 
mats but persons with anomalous vision also are below par in a number 
of respects, and they are particularly unsuitable for railway or marine 
service. This, therefore, to a certain extent is the chief reason for 
improving the methods of investigation. The examination of these 
people is the right way of going at the problem of finding out all 
persons with abnormal colour vision and eliminating them. 

As to the method of investigation, it is of very little value, as has 
been stated, to conduct tests which consist in finding out the names 
that are used in describing objects of different colours. In the writer’s 
judgment this is true likewise concerning deductions by colour- 
contrasts, although a high estimate is placed on these tests in many 
quarters. The only methods that have proved to be of real value are 
those that depend on finding out what colours look alike to the patient. 
However, it is not easy to obtain absolutely definite colours that look 
exactly alike to all deuteranopes, say; partly because there are individ- 
ual variations and partly because the technical production of colours 
is more or less uncertain and the illumination is different, ete. And 
therefore the best way of making the test amounts to finding out 
whether certain colours seem to the patient to be very nearly alike. 
This was the principle of HotMeGrEN’s method in which the patient 
was required to pick out of a large assortment of coloured wools those 
hues that matched certain samples. NaAGEL’s charts, based also on 
the same principle, have during the last few years been proved to be 
the most useful and reliable test, having been officially adopted for the 
merchant marine and the Prussian railway system after very thorough 
comparison with other methods. No system can entirely supersede 
the spectroscopic test of the RayLercH-equation, and sometimes it 
has to be resorted to still. For making this test easily with compara- 
tively inexpensive appliances, Scumipt and HaEnscu have constructed 
an instrument called an ‘“anomaloscope’’ designed according to 
NaGEL’s specifications. It is used to test the RayLercH-equation by 
comparing, therefore, a field illuminated by homogeneous yellow with 
a red-green mixture.’ 


1 Die Farbenblindheit in ihren Bezichungen zum Hisenbahn- und Marinedienst. German 
edition. Leipzig 1878. 

2 As to the various methods of investigation, see especially Naaru, Die Diagnose der 
praktisch wichtigen angeborenen Stérungen des Farbensinnes, 1899, and also a lacge number 
of other works by the same author, some of the most important of which are as follows: 
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Note by v. Kries 


(specially prepared for insertion here, January 1924) 


During the past decade some new facts have been ascertained which 
can be utilized for comparing the luminosity of light of different 
colours. Consider a small spot on a uniformly white ground. If for 
a very brief period the white light at this place is replaced by 
coloured light, the colour cannot be recognized any longer. But 
what happens is that at the moment when the coloured light acts, 
that particular place appears brighter or darker than the surroundings, 
depending on the intensity at that point. For a certain definite ratio 
between the intensity of the two kinds of light the spot looks neither 
brighter nor darker than the surroundings, and then the difference 
between them will not be noticed at all. Thus, just as we speak of 
“minimum-field luminosity’? we can speak here of a minimum-time 
luminosity. Thus, when a coloured light substituted for a very brief 
time on a colourless ground appears neither bright nor dark it is said 
to be “equivalent” to that colourless light in ‘minimum time’’ (mini- 
mal zeitgleich). ZAHN’s observations have shown that the distribution 
of minimum-time luminosity in the spectrum is almost, although not 
absolutely exactly, in agreement with the distribution of minimum- 
field luminosity and with the distribution of the peripheral values and 
flicker values.? 

Moreover, very lately PuLFricu? has described a method of com- 
paring the luminosity of light of different colours depending on 
binocular perception of depth, which therefore is called a stereo- 
photometric process. It is based on the following fact. If a dark vertical 
rod is moved back and forth from right to left and from left to right in 
a plane in front of a bright background, under ordinary circumstances 
we get the correct impression of a rod being moved in a frontal plane. 
But now if a smoked glass is interposed in front of one eye, so as to cut 
down the light that comes to that eye, we get the impression that each 


Die Diagnose der anomalen trichromatischen Systeme, Klin. Monatsbldtter fiir Augen- 
heilkunde XLII. 8.369, 1904. Zwei Apparate fiir die augenarztliche Funktionspriifung (Adap- 
tometer und Anomaloskop), Zeitschrift fiir Augenheilkunde XVII. Fortgesetzte Untersuch- 
ungen zur Symptomatologie und Diagnostik der angeborenen Stérungen des Farbensinnes, 
Zeitschrift fur Psychologie und Physiologie der Sinnesorgane, XLI. S. 237 and 319. 1906. 
Versuche mit Hisenbahn-Signallichtern an Personen mit normalen und abnormem Farben- 
sinn, Ibid. XLI. §. 455. 

1Zaun, Uber die Helligkeitswerte reinen Lichter bei kurzen Wirkungszeiten. Zft. 
f. Psychologie fiir Sinnesphystologie XLVI. p. 287. 1912. 

? Putrricu, Die Stereoskopie im Dienste der isochromen und heterochromen Photo- 
metrie. Die Naturwissenschaften, 1922. pp. 553, 569, 714, 735 and 751. In book form with 
the title, Die Stereoskopie im Dienste der Photometrie und Pyrometrie. Berlin, 1923. 
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point of the rod traverses a horizontal ellipse. In the middle of its 
path it looks therefore farther off when it traverses it one way than 
when it traverses it the other way. Puurricu speaks of this phenom- 
enon as that of the “revolving mark.’’ The explanation he gives is as 
follows. Between the arrival of a stimulus and the production of the 
sensation in every case there is a certain amount of time lost, which 
varies however with the intensity of the stimulus, decreasing as the 
intensity of the stimulus is increased. Thus, for instance, if the right 
eye is stimulated more highly than the left eye, the image of a moving 
object in the right eye will be a little ahead of that in the left eye. 
Hence, in that phase where the rod is moving to the right, the image 
in the right eye must be a little more to the right and that in the left 
eye more to the left. On the other hand when the motion is reversed, 
the case is just opposite; the image in the right eye will be more to the 
left, and that in the left eye more to the right. Accordingly, we have 
here the general condition that is necessary for binocular perception 
of depth, namely, a disparity between what is seen by one eye and 
what is seen by the other eye, in this case a right-and-left displacement 
(transversal inequality, binocular parallax). According to the general 
laws of binocular perception of depth, what is to be expected is that in 
the case first mentioned the rod would be perceived as being farther 
away, and in the other case as being closer. And this is exactly how 
it looks. The rod invariably appears to move in such a way that in the 
remoter part of the path it proceeds from the eye that is shaded towards 
the eye that sees brighter. Viewed from above the apparent motion is 
clockwise when the right eye gets brighter light than the left eye, and 
counter-clockwise when it is just the other way. Now if a coloured 
glass is inserted in front of one eye instead of the smoked glass, the 
same effect is produced. This is not surprising, because the coloured 
glass also absorbs some portions of the light concerned and so tends 
on the whole to darken it. If, finally, with a coloured glass in front of 
one eye, colourless glasses of regular gradations of darkness are inserted 
in front of the other eye, a certain one of them can be found for which 
the rod will appear to move in a plane; whereas when a brighter or 
darker glass than this is used, the ‘revolving’? movement will be seen, 
clockwise in one case and counter-clockwise in the other. Now here 
we have one basis for comparing the luminosity of light of different 
colours. In Puurricu’s own words, ‘“‘We get the following definition 
of equal luminosities: two colours are said to have the same luminosity 
when the time between stimulation and sensation is the same for both 
of them, and we can tell when their luminosities are equal by the fact 
that at the instant the difference vanishes between the times of the two 
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sensations as shown by the revolving mark the circular motion becomes 
rectilinear’’ (loc. cit., p. 37). 

We must notice that here we are dealing with a definition of 
equality of luminosity which, however valuable and convenient it may 
prove to be, still has a conventional significance always, exactly in the 
same way as if, for example, we should stipulate that a coloured light 
should be said to be of the same brightness as a light without colour, 
when under certain special conditions (very eccentric vision, acting 
on an extremely small part of the field or for a very brief time) it looks 
precisely the same as the colourless light. In order to express this, 
the writer has suggested using the term ‘‘stereo-equal’’ when two 
lights are found to be equal by PuLrricu’s method. Thus two lights 
would be ‘‘stereo-equal’’ when in observing a moving object with 
both eyes, one eye getting one kind of light and the other eye getting 
the other kind, no stereoscopic effect of any sort is obtained, that is, 
the object which actually does move in a frontal plane also apposts 
to move in this plane. 

Physiological investigation of the phenomenon? has shown that 
lights, which are equal as to minimum-field and which therefore also 
have approximately the same peripheral value and minimum-time 
luminosity, are approximately “‘stereo-equal’’ also. However, this is 
only true with certain limitations, that is, with high light intensities 
and for the photopic eye. On the contrary, when we change over to 
reduced intensity of light and more or less dark-adapted eye, there 
is a very decided shifting of the ‘‘stereo-equal’’ relation. However, it 
is a remarkable fact that the ratio between the stereo-values for a 
light of long wave-length and one of short wave-length is not shifted 
in the sense of the PURKINJE phenomenon, but in the opposite sense. 
The explanation of this behaviour can readily be found in the fact 
that both components of the visual organ, that is, the cones and the 
rods, are concerned to a different extent in the production of the visual 
impression, and that the reaction of the rods is decidedly more inert, 
as is shown also by numerous other phenomena (see pages 445, ff). 
In the transition from daylight-vision to twilight-vision the short 
waves of light gain in luminosity as compared with the long waves, 
because they act far more powerfully on the rods. It is exactly the 
same thing that comes out in the PURKINJE phenomenon. But the 
rapidity of the reaction, and therefore the stereo-value, is not increased, 
but diminished, by the greater action of the rods that is in evidence 

1qThis striking and beautiful phenomienon can be readily observed. PuLFRICH’s 
method is both ingenious and interesting, and certainly of much theoretical value. How- 


ever, it would hardly seem to be capable of sufficient accuracy for purposes of practical 
heterochromatic photometry. (J.P.C.S.) 


2y, Kriss, Uber das stereophotometrische Verfahren zur Helligkeitsvergleichung 
ungleichfarbiger Lichter. Die Naturwissenschaften. 1923, p. 461. 
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here. And so it may happen that by lowering the light and by dark 
adaptation the ratio between the stereo-values of light of long waves 
and light of short waves is shifted in the opposite sense of the PURKINJE 
phenomenon, that is, in favour of the light of long waves. The conse- 
quence is that in any case the stereo-photometric process cannot give 
unequivocal and useful results unless these complications are avoided, 
that is, unless the operation of the twilight mechanism is practically 
eliminated by using light of high intensity and making the observations 
with the light-adapted eye. 

The threshold values supply another set of facts that can be made 
to bear on heterochromatic photometry. The luminosity of a light 
may be defined as being inversely proportional to its threshold value, 
and accordingly another definition will be obtained as to what is 
intended when we speak of the luminosity of a light or of two lights of 
different colours as having the same luminosity. In the first place 
there are known facts here which show that, provided the observation 
is made with the scotopic eye, and no special precaution is taken to 
confine it to the central region where there are no rods, the luminosities 
of lights of different colours are measured by their twilight values. 
This case can be excluded here, because under these conditions there 
is no sensation of colour anyhow, and hence also there is no difficulty 
about making a comparison between the luminosities of lights of 
different colours. But the results obtained in the case of purely foveal 
vision are of more interest. Suppose we use the term threshold lumin- 
osity to denote the luminosity as measured by the reciprocal of the 
threshold value; then the question arises again whether it is proportion- 
al to the minimum-field luminosity, peripheral value, ete. According 
to BoswELw’s results, apparently it is not. His observations rather 
indicated that in the middle part of the spectrum, indeed (where the 
lights that are on the verge of visibility are seen without colour even 
in foveal vision), the threshold luminosities proceed almost side by 
side with the minimum-field luminosities. But at the two ends of the 
spectrum, that is, for light of both long waves and short waves, a light. 
that is just over the threshold will immediately begin to appear 
coloured. Here the threshold luminosities are different from the 
minimum-field luminosities; the threshold, in fact, being lower, that 
is, the sensitivity being greater than it would be if there were a pro- 
portionality with the minimum-field luminosities. BoswxLu’s con- 
clusion from this was that when a light was just on the verge of 
visibility something more was involved than the colourless luminosity 
alone, and that the colour-value promotes the visibility, that is, 
lowers the threshold. This has been confirmed by KoHLRavuscu’s 
more recent observations, which, however, have shown also that these 
phenomena are likewise dependent on the state of adaptation of the 
fovea. The matter requires further investigation. 
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II. Theories of Vision 


1. The Young-Helmholtz Theory 


HELMHOLTz endeavoured to elucidate the whole nature of the 
visual sensations, and especially the way in which they depend on the 
effective stimuli, in terms of the theory which is known by his name and 
which is based on a conjecture of THomas Young. In giving a descrip- 
tion of this theory and of the numerous subsequent hypotheses that 
have been conceived along the same line, the writer would like to 
indicate beforehand the principal point of view which is the motive 
for doing this. 

Even at the present time the theory of HELMHOLTz is thoroughly 
justified as to its fundamental conceptions, it is in close agreement 
with the facts, and as an hypothesis it is qualified to explain a very 
large mass of actual phenomena. The writer has briefly expounded 
this elsewhere.! The main thing that has to be done now, therefore, 
is, first, to mention a series of new facts recently discovered which 
substantiate and support the theory, and then to speak of the limita- 
tions, modifications and additions which it certainly must undergo 
on account of a number of other established results. Incidentally, the 
opportunity will be afforded at the same time of correcting some 
misunderstandings under which the theory has laboured in many ways. 

It will be necessary also, in the second place, to discuss here the 
other theories of visions, which, as above stated, are very numerous. 
However, this will be confined to a general survey and brief outline 
of the fundamental conceptions, without going into a detailed criticism 
and weighing all probabilities and dubieties. The writer’s views have 
been stated elsewhere as to the futility of making hypotheses and 
dissecting and weighing all sorts of possibilities beyond what seems 
expedient in the light of our positive knowledge. 

A perfectly general conclusion should certainly be stated here 
prominently first of all: Fundamentally, the HetmHottz theory was 
simply the expression of a direct fact of observation, namely, that 
the resultant of all the various light stimuli so far as sensations are con- 
cerned can be completely represented as a function of three variables.? 
It is idle to try to explain this fact except on the assumption that the 
result of the stimulation also can be represented completely as a function 
of three variables. It is this assumption that is the fundamental 
conception of the HELmMHoLtTz theory. The justification for it has 

1 Nagets Handbuch der Physiologie III. S. 266 f. 


2 ¥Some would maintain perhaps that all we are justified in saying here is that an ime 
mediate photo-chemical initial process is a function of three variables. (J. P. C. 8.) 
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been shown most of all by the huge difficulties that are encountered 
by every theory that has been developed on the assumption of a 
greater number of independent valences. 

The next thing to be noticed here is that so far as dichromatic 
vision is concerned and its relation to normal colour vision, the re- 
searches described above (page 398) have completely verified Hzim- 
HOLTz’s conjecture, that there are two distinct types of this kind, 
both being reduction forms of normal vision. In fact, therefore, (just 
as HELMHOLTZ guessed from less accurate data) the conditions occur- 
ring here can be explained most satisfactorily as being deficiency- 
effects, that is, on the assumption that one component of the normal 
organ of vision is lacking in one case and another component in the 
other case. 

Observations have shown too that any other explanation of the 
difference between the two types of dichromats (especially as being 
due to physical conditions of the ocular media) cannot be thought of 
at all. Undoubtedly, therefore, the simple way in which the theory 
is able to account correctly for these facts is a strong confirmation of it. 

Matters are not quite so simple when we come to consider anom- 
alous trichromatic vision. 

In order to give a theoretical explanation of the facts which have 
been assembled above, we must keep steadily in mind, first of all, that 
the question here, as was pointed out then, is one of alterations, that 
is, variations, the effect of which is that matches that are valid for the 
normal eye are not valid for the anomalous eye. This immediately 
excludes the idea that one of the normal components, let us say, 
instead of being lacking entirely as in case of the dichromats, has 
simply been reduced to a very small amount without being changed 
in its character. We might indeed suppose that in this way the ability 
of discrimination in certain respects was lowered more and more; but 
matches that were valid for the normal eye would still have to be 
valid for the anomalous eye. A better plan is to adopt an idea which 
was developed first by Fick’, in a different connection, it is true. 
The different appearance of colours is due to their acting unequally 
on the various component substances of the eye. Imagine the visual 
organ modified in such a way that the valence curves of two component 
substances instead of being considerably different, as they usually are, 
are almost identical; then no matter how these two substances may 
combine, there will not be much difference in the effects produced. 
Thus the result of certain differences in the nature of the stimulating 
light will be smaller differences in the corresponding physiological 


1 Verhandlungen der physik-mediz. Gesellschaft zu Wrzburg. V 1873. 8. 129. 
—Pruiicers Archiv XLVII S. 274. 
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processes, and hence with respect to certain discriminations the 
response of the organ of vision will be at fault. If the valence curves 
of two components are identical, the result would be a typically 
dichromatic organ. Accordingly, we are bound to suppose that the 
red component substance in the case of one class of anomalous persons, 
and the green component substance in the case of the other class, has 
undergone some kind of change by which its valence curve has been so 
modified that there is less difference between it and the valence curve 
of the other (normal) component substance than there is in the case 
of an eye with good colour vision. In this way we can easily conceive 
of a series of stages of transition into typical dichromatic vision of 
one kind or the other. 


At present we still have no way of calculating these changed valence 
curves. But if light of all wave-lengths between 589 and 536yy looks almost 
exactly alike to the extreme deuteranomalous eye, this means that the 
valence curves of both components are very nearly in the same proportion 
in this part of the spectrum. And in the most pronounced cases of protano- 
malous vision also the behaviour seems to be the same in the region of the 
long waves about up to the sodium line. 


However, as to the connection between dichromatism and normal 
vision, a somewhat different view appears to be probable. Taking 
everything into consideration, it is quite likely that anomalous tri- 
chromatic colour systems are intermediate forms between normal 
trichromatism and typical dichromatism; so that, either by separate 
steps or continuously, the protanomalous eye represents a transition 
between the normal eye and the protanopic eye, and the deuteranoma- 
lous eye a transition between the normal eye and the deuteranopic 
eye. As a matter of fact, the observations described above show that 
as soon as the ability of the anomalous eye for discriminating colour 
is lowered by reducing the size of the object, it behaves nearly in the 
same way as the dichromatic eye. Whether this agreement is perfect, 
has not yet been decided in the milder forms of anomalous vision. 
On the contrary, indeed, it is found, for instance, that a person with 
pronounced protanomalous vision will make a match between red 
(671uu) and yellow (589) that agrees with that of the protanopic eye; 
explaining, however, at the same time that, while the fields match 
mighty nearly, they are not exactly the same. For deuteranopic 
vision and deuteranomalous vision the relation is still more sharply 
established. When the investigation is made with the small fields of 
the spectrum apparatus, persons may behave like typical deuteranopes, 
and yet, when tested with large objects, never make the RAYLEIGH- 
match perfectly correctly, showing themselves to be, therefore, like 
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very anomalous trichromats.! Another thing to be noted here is that 
with reference also to luminosities (peripheral values, flicker values, 
etc.) protanomalous vision and protanopic vision behave in the same 
way or at least very much alike, and therefore very differently from 
normal vision; but the differences in deuteranomalous persons (just as 
in deuteranopes) are no greater than the individual variations from 
the normal. 

Thus if dichromatic vision is regarded as being the highest mani- 
festation of a modification, which in its lower degree is characteristic 
of so-called anomalous vision, the conclusion is: reached that in such 
cases there is something more than just simply a lack of one of the 
component substances of the visual organ. Take the case of protanopic 
vision, for example. The idea is that, in its capability of being acted 
on by different kinds of light, the first component substance here, in- 
stead of having its own normal quality, has that which belongs normal- 
ly to the second component substance. So also in the case of deuter- 
anopic vision the valence curves of these two component substances 
would both be the curve that normally belongs to the first, or red, 
component. It is obvious that an organ of vision of this nature, in 
which two of the component substances are bound to act in the way 
described, must behave as a dichromatic eye. 

Undoubtedly, alterations are not so easy to comprehend as pure 
deficiency effects; and the entire subject no longer seems to be quite 
so clear and lucid as it looked when there was an absolutely typical 
and fixed organization that could not be modified except by being 
lacking in some constituent part. But there cannot be any doubt 
whatever as to the occurrence of such alterations. (No physical 
explanation can account for the big discrepancy in some colour 
matches.) A certain variability of the organ of vision is therefore 
a directly established fact, and every theory must take it into account. 

Moreover, from this point of view typical dichromatic vision would 
be a remarkable case, because the two valence curves are perfectly 
identical. And in a rather broad sense this case might perhaps be 
considered as being a deficiency effect. Thus, suppose, for instance, 
that A and B are two component substances that normally are pro- 
vided with photo-sensitive materials a and b, respectively. Now if, 
instead of this, both A and B have the same material b, it would mean 
simply that the quality of the light-receptor belonging to A was 
abnormal; or, of course, it can be considered as being an absence of a. 
Thus, the importance of the fact that perfectly dichromatic systems 
are reduction forms of normal vision does not seem to be diminished, 


1NaGEL, Zeitschrift fiir Psychologie etc., XX XIX. p. 96, 1905. 
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even if in their case it is not a question of deficiency effect in the very 
simplest meaning of the expression. 

Incidentally also, according to this view, the answer is obtained to the 
question, as to what is the nature of the sensations of dichromats; whether, 
for example, the protanope sees mixed white light as colourless or perhaps 
blue-green. Although it is impossible to get any certain information as to the 
sensation of other persons, this latter assumption always did seem very un- 
likely, particularly in reference to twilight vision, as well as to the phenomena 
of acquired and unilateral colour blindness. On the theory of dichromatic 
vision adopted here, it seems clear that colourless light looks exactly the same 
way to dichromats as it does to normal persons; and it may be conjectured that 
long waves of light look yellow and short waves blue to both protanopes and 
deuteranopes. 


An extensive array of facts, mainly phenomena connected with 
adaptation, has been accumulated since HELMHOLTz’s theory of colour 
vision was formulated. The phenomena of adaptation are at the basis 
of the duplicity theory (twilight vision, total colour blindness, the 
PuRKINJE phenomenon, etc.). We shall have to see how HELMHOLTz’s 
theory can be connected with these facts and with the assumptions of 
the duplicity theory so far as the explanation of these facts is con- 
cerned. 

At first glance it might indeed seem that the duplicity theory was 
diametrically opposed to HELMHOLTz’s theory of the sensations of 
vision. For according to the latter, the sensation of colourless bright- 
ness ought to be produced by a combination of processes which of 
themselves arouse a red-green and a violet sensation; which cannot be 
considered at all in the case of the activity of the twilight mechanism. 
However, by imposing some limitations on the HELMHOLTz theory, 
as has to be done also for other reasons, this difficulty will be removed. 
In thus modifying the original theory it is still a question whether 
this implies something essentially different from what its author had 
in mind or whether it amounts merely to introducing definite assump- 
tions as to some matters which HeLtmyoutz himself left open to 
discussion. 

In the first place it must be kept: in mind here that when HELM- 
HOLTz made the assumption that the organ of vision was a structure 
composed of three parts, he did not mean that the sensation itself 
was a combination of three elements (like the three notes of a musical 
triad). What he meant rather was that, in spite of the composite 
nature of the physiological process as made up of three independent 
constituents, the sensation may very well be something perfectly 
unitary and not capable of psychological sub-division. He regarded 
the outstanding position of certain sensations (for absence of colour 
and the so-called pure colours) as the result of psychological relations, 
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connected with the naming of colours, ete. It is this view that stands 
in such sharp contrast to the one so often entertained nowadays, that 
the simple investigation of sensations without any auxiliary appliances 
is sufficient to enable us to find out their ‘simple elements.” In the 
writer’s opinion, from analogy with what is known about other senses, 
this way of looking at the matter is certainly much less accurate; and 
HELMHOLTz’s conception is undoubtedly justified to the extent that 
sensations of complex physiological origin can sometimes convey the 
impression of being absolutely unitary and typically steadfast. 

Thus, while from this point of view there does not seem to be any 
positive necessity of modifying the HeLtmHoutz theory as proposed 
above, there are other facts that point in that direction with greater 
force. We know by experience that the sensation of absence of colour 
must certainly be exceptionally significant, because in a great many 
cases colour perceptions cease, and there is nothing left but a colourless 
sensation. And this is true, indeed, not only under the conditions of 
twilight vision (where there is a simple explanation for it on the 
assumptions of the duplicity theory), but also for daylight vision. 
The variations of vision in passing from the central to the more and 
more eccentric parts of the retina belong here. Still more important 
is the fact that by decreasing the size of an object the colour can be 
made to disappear; as a person with normal vision can very easily 
verify by using the eccentric parts of his retina, and as can be shown 
anywhere in the visual field of an anomalous trichromat. Another 
point in this same connection is that by limiting the time of exposure 
it can be made impossible for an anomalous trichromat to recognize 
colour. And, finally, let us allude also to acquired abnormalities of 
colour vision due to pathological causes, in which likewise colour 
discrimination is lost. Perhaps, in some of these cases absence of 
colour can be attributed, as above, to variations of the valence curves; 
but this explanation is ruled out for the cases of areal and temporal 
limitations. We are almost bound to make the assumption here that, 
even when the degrees of activity of the three hypothetical components 
of the organ of vision are adjusted to correspond to a colour, still in 
order for the sensation to be really that of a colour, or at least in order 
for the colour to be recognized as such, some other conditions besides 
have to be fulfilled; conditions, which by their very nature are in a 
certain way analogous to the ascent above a threshold value. 

On this basis it may be considered as extremely probable that the 
organization in three components assumed in the HELMHOLTz theory 
does not apply to the organ of vision as a whole, but only to those 
parts that are directly exposed to the action of light and 4 more or less 
extended series of parts connected with them; and that, on the other 
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hand, the final results, the immediate substrata of the sensations, 
are themselves of a different nature; and hence that somewhere along 
the route the three independent results of stimulus are transformed 
into processes of a different kind and composition. ' As to these proc- 
esses, nothing can be said with certainty, in the writer’s opinion, 
except that in them the colourless sensation has some outstanding 
physiological significance. 

In order to have some short way of referring to this assumption, 
let us speak of it as a zonal theory. From this point of view there seems 
to be no particular difficulty about supposing that the sensations of 
vision may be aroused by two different mechanisms more or less 
independent of each other, only one of which has the tripartite struc- 
ture in question, whereas the other, being unitary, reacts to its stimulus 
in a simple monotone. 

Colour blindness of the eccentric parts of the retina is a subject 
about which it is hard to form a more positive opinion at present. 
Undoubtedly there are many points of resemblance between the 
defective colour vision of the eccentric parts of the retina and the 
colour infirmity of anomalous trichromats, and it would seem natural 
to try to explain them on the same basis, that is, as variations of the 
valence curves. This idea was developed and explained by Fick. 
Formerly,. the writer was not able to accept this view, but now that it 
has been positively ascertained that there are alterations of this sort 
in anomalous trichromats, it seems to him to be more worthy of con- 
sideration. However, according to this explanation we should expect 
to find deviations in the RaYLEIGH-equation in the eccentric zones of 
the retina; and so far they have not been found. Should they occur, 
hardly any doubt would remain as to the correctness of that con- 
ception. On the other hand, if these deviations are not found, and if 
(leaving out of account the influence of the macula pigment) matches 
that are valid for the central retina are good for the periphery also,? we 
could perhaps do as the writer formerly suggested and fall back on 
assumptions as to modifications of those relations which exist when the 
peripheral processes are transformed into the substrata of sensation. 
The experimental data on the subject are not yet so complete as they 
should be; so that it would be somewhat premature to discuss the 
possibilities in detail. 


1 See L. T. Trovanp, Brilliance and chroma in relation to zone theories of vision. 
Jour. Opt. Soc. Amer. VI. 1922, 3-26. (H. L.) 

? That this is the case has heretofore generally been tacitly assumed as self-evident, 
but it can hardly be regarded as having been really proved. Incidentally, it is hard to decide 
the matter on account of the intermingling of rod functions. 
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Another point which has not been cleared up, and which incident- 
ally is closely related to that just discussed, is the mode of distribution 
of luminosity. Konic called attention to the fact that the distribution 
of luminosity in the spectrum is approximately, though not very 
exactly (the great individual differences would prevent this from being 
the case), in agreement with the stimulus values as calculated for the 
red component. The same thing is true, as later investigations have 
shown, for peripheral values and flicker values and also minimum- 
field luminosities. Clearly associated with this is the fact that these 
relations for deuteranopic vision and deuteranomalous vision are not 
greatly different from those for normal vision, although their green 
components are different in their capacity for being stimulated; 
whereas in protanopic vision and protanomalous vision, in both of 
which it is the red component that is deficient in this capacity, the 
peripheral values, etc., are found to be entirely different from those 
in normal vision. 

If we adopt the above suggestion and assume that the operations 
taking place in the three components are transformed towards the 
centre into processes of another kind, then in order to explain these 
phenomena, some hypothesis will have to be made as to the nature 
of these new processes and how they are related to the former. How- 
ever, in the writer’s opinion, it is idle to try to do this at present 
because we do not yet know enough about the facts along these lines. 
In the first place it would have to be definitely decided whether it is 
really a fact, as it seems to be, that even in the case of persons with 
normal colour vision there are individual differences in these respects, 
and how they are connected with each other or with other differences 
of the organ of vision, etc.!_ As the writer sees it, it is important to 
bring out clearly that the idea of each of the components having to 
contribute something to the total luminosity, which at first glance is 
the most natural supposition, is by no means the only possible con- 
jecture, and it is more likely that the collective effect is the result of 
other very different modalities. 

Briefly, by way of conclusion, it may be said that as regards the 
group of facts, that is, the so-called laws of colour mixture, which 
constituted the original primary basis of the HetmHourz theory, the 
theory has been confirmed in a remarkable manner, even in the light of 
the present very extensive state of our knowledge. It accounts for the 
behaviour of the normal organ of vision and its relations to typically 
dichromatic vision in a simple and accurately satisfactory fashion. 


1 Indications in this direction that are worth considering are to be.found in Miss v. 
Matrzew’s work mentioned above, but they need to be elaborated and confirmed. 
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The somewhat more complicated conditions of anomalous trichromatic 
vision can be made to fit in it in an intelligible manner, although not 
quite so simply. And it affords us at least the simplest way of ex- 
pressing the observed facts in a comprehensive system. If, on the 
other hand, it has to be stated that it certainly is not a definitive 
theory of the whole of vision, as HELMHOLTz supposed, there can hardly 
be any doubt as to the correctness of its fundamental conceptions. A 
rather more general discussion of theoretical questions will be deferred 
until other theories and other groups of facts have been described. 


2. Other Theories of the Sensations of Light and Colour 


While HetmuHoLTz deemed it illegitimate or at least untrustworthy 
to draw conclusions as to physiological processes from the direct 
psychological character of the sensations, most subsequent theories 
of vision use this very group of facts as their starting point. The 
results of this mode of treatment are in harmony as to their main 
features at least, and so all these theories have a common stamp im- 
pressed on them. In the first place, they assign a very special im- 
portance to the series of colourless sensations ranging in all degrees from 
black to white.! A similar importance is also assigned to certain colours, 
which are accordingly referred to as pure, simple or primary colours, 
namely, red, green, yellow and blue.? Another thing to be mentioned 
about it is that in sensation each quality of one pair seems capable of 
being combined with both qualities of the other pair (that is, red with 
blue as well as with yellow and yellow with red as well as with green); 
but the two determinations of each pair are mutually destructive, 
that is, red and green cannot be combined, nor yellow and blue.’ This 
conception is a very old one fundamentally. Of late years it has been 
developed and advocated chiefly by AUBERT, and may be called the 
four-colour theory. 

Unfortunately, this theory has been very inadequately tested 
as to the very points that are capable of being easily investigated. 
Obviously, it would be important to find out what objective lights 
can, under proper conditions, give the impression of ‘“‘pure’’ colours, 
and whether in this respect various observers would agree or disagree. 
Investigations of this kind are very scarce; and among the advocates 


‘ Sometimes called “toneless” or “untoned” or “grey’’ sensations as distinguished 
from the “toned” or coloured sensations, namely, red, yellow, green and blue; as mentioned 
in the text. (J. P.C. 8.) 

2 |The so-called “psychological primaries.’’ This is another instance of the confusion 
of colour terminology in physics and psychology. (J.P.C.S.) 

3 These latter combinations are what Mrs. Lapp-FRANKLIN terms colour-fusions or 
colour-extinctions, to which attention was called elsewhere. (J. P.C. 8S.) 
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of the four-colour theory opinions are very much divided eoncerning a 
point of fundamental importance. Thus, AUBERT was of the opinion, 
and Herne has also espoused this view (as will be seen in the dis- 
cussion of his theory below), that pure red and pure green mixed in 
proper proportions lose their coloured qualities and produce white; 
that is, that pure red and pure green are complementary colours. In 
opposition to this view, Mrs. Lapp-FRANKLIN! (in agreement, by the 
way, with an idea expressed long ago by Fick?) affirms that pure red 
and pure green acting together are not colourless, but look yellow. 
Of course, there are also great differences of opinion in the further 
development of the four-colour theory, which will be mentioned below. 

In the past decade much attention has been bestowed on this 
theory mainly in the special form which has been given to it by 
KE. Herne? According to him the visual organ is composed of three 
constituent parts, one of which (the ‘‘black-white substance’’) furnishes 
the colourless luminosity sensations, the other two visual substances 
(the red-green and yellow-blue) being responsible for the sensations 
of colour. In harmony with Herine’s general biological ideas, the 
theory assumes moreover that in each of these substances processes of 
an opposite kind take place simultaneously; which Herine calls 
assimilative and dissimilative (usually spoken of as A and D processes). 
The ratio between these opposite processes is what determines the 
sensation. When they are in equilibrium in one of the coloured visual 
substances, this means that the sensation does not have the quality of 
either colour of that particular pair (that is, is neither yellow nor blue, 
or neither red nor green). When there is a state of equilibrium in both 
coloured visual substances, the sensation is devoid of colour. Equilibri- 
um in the black-white visual substance corresponds to a particular 
“mean grey.’’ White, red, and yellow, in increasing luminosity or 
saturation, is the result of the increasing preponderance of the three 
D processes; similarly, black, green, and blue result from the pre- 
ponderance of the A processes. This entire conception was called by 
HERING a theory of “Gegenfarben” or the theory of opponent colours. 

The hypothetical mode of action of different kinds of light on the 
separate visual substances is evident at once. All kinds of light would 
have to act on the black-white substance in the dissimilative (white) 
sense, but in different degree depending on the wave-length. On the 
other hand, the long waves as far as pure green (extending neither into 
the yellow nor into the blue) have a dissimilative (yellow) action on 


1 Zeitschrift fiir Psychologie ete. IV. p. 211. 1893.—Article on Vision in Batpwin’s Dic- 


tionary of Philosophy and Psychology. 
2 Pririicers Archiv XLVII. 8. 285. 1890. 
3 Sitzungsberichte der Wiener Akademie, Mathem.-naturw. Kl. LXIX. S. 131. 1874. 
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the yellow-blue substance; whereas the short waves from green on 
have an assimilative (blue) action on it. In the case of the red-green 
substance there is D action for the less refrangible end of the spectrum 
as far as pure yellow, and A action from there on up to pure blue, but 
beyond this point there is D action again in the violet. Pure yellow 
and blue would have no effect at all on the red-green substance, and 
pure red or green would have no effect on the yellow-blue substance. 

Of particular interest also is the manner in which the effect of the 
stimulus on the visual organ is considered to take place here, and its 
dependence on the processes that determine the sensation. If the 
dissimilative action preponderates, the material substance is dimin- 
ished and hence the “key” (Stimmung) varied in such a way that 
the effect of the D stimuli is reduced while that of the A stimuli is 
augmented. The reverse happens when the A processes are pre- 
ponderant. The conditions are thus regulated automatically, as it 
were. The only possible permanent condition is that of an equilibrium 
between D processes and A processes, that is, a colourless grey of 
definite luminosity. 

Now as to the anomalies that we have in colour vision, the four- 
colour theory assumes that in dichromatic vision there is an absence 
of the red-green sense, and both forms therefore are included under 
the name red-green blindness. HeErt1ne@ also accepted this way of 
regarding it, on the assumption, that the red-green visual substance is 
lacking in all cases. The differences in the two types that are now 
called protanopes and deuteranopes, which even at that time were 
well understood to a certain extent, Herina tried to account for by 
attributing them to physical causes (absorption of light in the coloured. 
media of the eye, especially in the pigment of the macula). This 
assumption, hardly compatible with what was known about the matter 
then, has been shown by subsequent investigations to be thoroughly 
untenable. The difference between the protanopic and the deuter- 
anopic organ of vision in the case of the long waves is so great and so 
typically fixed thereby, being also just as pronounced in the periphery 
as in the centre of the retina, that such an explanation cannot be 
seriously considered.! 

We have no more right to place side by side the differences in the forms of 
dichromatic vision and those that are found in normal vision, as TscHERMAK? 
has recently tried to do. He supposed that there are two types of persons with 


normal colour vision, just as there are two types of red-green-blind; one of 
which would be characterized by a relatively high, and the other by a relatively 


1 Concerning the particulars of the investigation by which Hurtne was led into this 
error, see v. Krizs, Zft. f. Psychol., etc., XIII. S. 301. 1897. 
2 Ergebnisse der Physiologie. I. 2. 
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low, power of responding to long waves of light. But a normal eye never 
responds poorly to the long waves in the way the protanopic eye does. Persons 
with trichromatic vision who have trouble in connection with the long waves 
are protanomalous. Similarly, there is a kind of trichromatic vision which 
differs from normal vision in another way, but only in a limited sense, and 
which is not characterized by particular sensitivity to long waves, or by low 
sensitivity to the short. This difference however, is associated with deteriora- 
E. in colour vision and leads by continuous transition to the deuteranopic 
system. 

There are therefore not two kinds of normal colour vision between which 
there is the same kind of difference as between the two kinds of dichromats. 
But there is only one normal colour vision which is capable of two modifica- 
tions. One of these is characterized by “poor use of long waves,” to borrow 
this expression once; whereas this is not the case with the other. But both 
involve derangements of colour vision and may lead to dichromatic vision. 


At present, therefore, there can be no doubt as to the failure of the 
four-colour theory at this point, and that, in particular, the explanation 
which Hxrin¢ tried to give for the two kinds of colour blindness is not 
compatible with the facts. Of course, this does not imply that the 
assumptions of the theory, especially the original fundamental proposi- 
tions of the theory, may not be right in a sense. But it is certain that 
the anomalies of colour vision point unavoidably to some set of 
relations that are not considered in the theory, and that thereby 
necessitate a limitation or extension of it. 

The theory of opponent colours has been just as unsuccessful in 
explaining total colour blindness. Originally, Herine believed that 
in these cases the organ of vision was without both coloured visual 
substances, and was therefore limited to the black-white substance 
only. Thus he believed that by ascertaining the stimulus values for 
such an eye the white valences would be determined; and that a con- 
firmation of this assumption can be found in the fact that the normal 
organ of vision in the state of dark adaptation in dim illumination 
(below the colour threshold) has very nearly just this same kind of 
vision. Apart from the fact that numerous peculiarities of the totally 
colour-blind eye would be completely incomprehensible from this 
point of view, this conception is shattered by the fact that these 
white valences may be totally different for two kinds of light which 
look alike to dichromats under the conditions of daylight vision; and 
also by the fact that, although in strong light the extreme periphery 
of the light-adapted retina has no colour vision anywhere, it can dis- 
cern differences of luminosity; and chiefly by the whole series of 
facts which force us to regard twilight vision as a function of some 
special constituent of the organ of vision.’ 

1The assumption that the effects on the black-white visual substance corresponds 


to the twilight values under all circumstances was found to conflict in some ways also with 
the luminosity distribution in the coloured spectrum. Hurtne tried to get around it in his 


438 The Sensations of Vision (364. K. 


The theory has come here into still more direct conflict with the 
actual facts, but it can indeed escape from this difficulty by a simple 
and unimportant modification. It would simply have to be completed 
by the assumptions of the duplicity theory; and the peripheral values, 
not the twilight values, would then have to be regarded as being the 
measure of the action on the black-white substance, that is, the 
peripheral values would be the “white valences.” 

An amplification of the theory in these directions has been at- 
tempted by G. E. Mttuer.' Starting with the fundamental concepts 
of the four-colour theory, he has developed a theory of the organ of 
vision intended to take account not only of these facts but also of 
adaptation. He began with the perfectly sound view that, while it 
is possible to consider the last substrata of sensation in a manner 
corresponding to that proposed in the four-colour theory, it is also 
possible that the arrangements in the peripheral sense organ may be 
of another character. With respect to these latter, MwuLiuER then 
developed a series of ideas which might seem adapted for explaining 
the facts known at that time (1897), although since then they have 
become much more complicated. A detailed account of MiLiErR’s 
theory (which would certainly exceed the space allotted to this article) 
is not so necessary at present, because the theory would perhaps 
require to be modified still further to be made to agree with the facts 
which have been discovered in the last ten years. 

TsCHERMAK also has tried to develop further the theory of opponent 
colours, mainly without much success. As was mentioned above, he 
abandons Hertna’s physical explanation of the difference between 
protanopes and deuteranopes, and speaks of a relatively better or 
poorer “‘utilization of the long waves.’’ He has not made any attempt 
to explain the ground for this unequal utilization or the special con- 
nections between the different kinds of colour vision on this basis.? 
Incidentally, in this latter respect, as had been stated, TscuHmERMAK 
starts out with certain notions that are contrary to the facts. 


theory of the specific brightness of colours. There is no need to go into this matter because, 
from what has been said above, it can no longer be considered seriously. The fact that the 
distribution of luminosity in the coloured spectrum is approximately the same as it is in case 
of colourless vision with the eccentric parts of the retina in state of light adaptation, shows 
that the colours have but slight influence on the luminosity. 

1 Zeitschrift fiir Psychologie etc. X. pp. 1 and 321; XIV. pp. 1 and 161. 

? TscHERMAK simply alludes to the possibility that the matter may have something 
to do with peculiarities of structures which are in front of the visual substances proper. 
Here he adopts a view occasionally advanced by Hrrtne himself, but never really seriously; 
which Donpers on the other hand, had actually tried to apply, and which has been the 
writer’s view ever since his earliest publications (Die Gesichtsempfindungen und ihre Analyse, 
1882, pages 163, foll.) 
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On the other hand, ScuEncx! tried to develop the assumptions of 
the Hetmuo.rz theory along certain lines, and particularly to explain 
the hypothetical separation of the organ of vision into three com- 
ponents by means of conceptions as to its evolution. He supposed 
that not only the rods but the cones also originally contained a single 
substance not very different from that in the rods, the decomposition 
of which by light gave a colourless sensation of brightness in the same 
way as in the rods. This substance, like that in the rods, was originally 
not very sensitive to long waves, but at first it underwent a change 
called ‘“‘pan-chromatization,” by virtue of which (just as in photo- 
graphic plates) it was made relatively very sensitive to long waves 
_ also. Next it differentiated or divided into blue and yellow components, 
and finally the yellow component was subdivided again into red and 
_ green components. For the anomalies of colour vision there are various 
possibilities. Entire absence of the cone mechanism involves the 
ordinary form of total colour blindness. Other forms are due partly to 
failure of pan-chromatization, and especially in some cases to failure 
of splitting up of the yellow process. This latter is responsible for 
dichromatic vision, which is deuteranopic or protanopic, according as 
pan-chromatization has, or has not, taken place, respectively. 

The theory certainly is calculated to give an attractive explanation 
of the occurrence of many forms of colour vision like those which are 
actually found (although it has always been a curious fact that some 
of the theoretically possible forms have never been observed). But it 
seems to the writer that the manner in which the special relations 
between the different kinds of colour vision are explained is not so 
smooth and simple as to compel conviction, lacking, as it does, ob- 
jective observations in support of it. Accordingly, it does not seem 
necessary to give a detailed description of it here. 

Lapp-FRANKLIN’s theory”, developed long before, is very similar 
to that of ScHencK. The writer has mentioned the latter rather more 
particularly, because it discusses in special detail just the anomalies 
of colour vision that concern us here. Some other theories of the visual 
sensations, whose interest is more from another side, will be briefly 
alluded to presently. 

3. Modulations of the Organ of Vision® 

Although the manifold anomalies of colour vision are certainly best 
suited for giving us an insight in the normal structure of the organ of 
vision, and have been studied and discussed chiefly from this point 

1 Priicers Archiv CXVIII. 8. 129. 1907. 

2 Zeitschrift fiir Psychologie etc. IV. 8. 211. 1893. 


3 ¥It is difficult to find a precise English equivalent to the German Umstimmungen 
as employed here to include both “fatigue” (see Parsons, Colour Vision, 112) and “re- 
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of view, there are some other groups of phenomena that are valuable 
for the same reason. These will be only briefly touched on here in 
order to record facts which have been made known recently. The 
phenomena of the modulation (Umstimmung') of the organ of vision 
will be mentioned here first. While the fundamental facts of these 
phenomena have been known for a long time, and, incidentally, can 
be satisfactorily explained too by all theories, certain questions of 
special theoretical interest have resulted from researches in these 
fields. First, there is the question as to the ‘‘persistence of optical 
equations,” that is, as to whether two mixtures of light, which are not 
equal objectively, but which appear to be the same for a certain 
condition of the organ of vision, will continue to look alike for every 
other condition, or whether they can be made to look unlike by changes 
in the state of the eye. Facts above stated show that in all parts of the 
retina where there are both rods and cones the latter is the case, that 
is, the match does not persist. It will be recalled that mixtures of light 
which look alike under the conditions of daylight vision may have 
totally unequal twilight values. Thus, matches of this kind can be 
destroyed by adaptation, and changed often to an enormous extent. 
On the other hand, so far as we know, the probability is that in the 
place where vision is most distinct, and where there are no rods, 
changes of this nature do not occur at all, or to such a slight extent 
that there is no sure proof of them at present.? 

Moreover, as to the parts of the organ of vision that are used in 
twilight vision, STEGMANN’s experiments (page 389) and observations 
on total colour blindness show that the luminosity relations of different 
kinds of light are but little affected by changing adaptation. We can 
therefore assume that for the organ of vision as a whole there is no 
persistence of optical equations whatever, but that for each of its two 
mechanisms matches do persist, approximately anyhow. 

As to the way in which the response to the stimulus is influenced 
by the state of the organ of vision at the time and of its component 
parts, HeLMHOoLTz, adopting a suggestion of Frcunrer, had con- 
jectured that ‘‘the fatigue of the nervous substance of vision has about 
the same effect on the sensation of fresh incident light as if the objective 


covery” (or adaptation). The word ‘‘modulation”’ is certainly not an exact.rendering of the 
original, and, doubtless, exception will be taken to it. Still it seems to convey the meaning 
better than such terms as “mutation,” “conversion,” etc. (J.P.C.S.) 

‘This term “Umstimmung’” is employed here instead of H»~tmHoutz’s expressions 
“fatigue” and “recovery,” because it is more general and is not prejudiced by any theoretical 
view. 

? Concerning researches and controversies on this subject, see NaauLts Handbuch der 
Physiologie. III. pp. 210, foll., and the literature given there. 
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intensity of this light were diminished by a definite fraction of its 
amount”’ (see p. 235). 

Accordingly, therefore, if one of the mechanisms of the organ of 
vision were ‘‘tuned’’ differently, the result would be the same as if all 
stimuli acting on it were multiplied by a certain coefficient. Incidental- 
ly, Herne also made this a fundamental part of his earlier ideas at 
least, and assumed that the product of the intensity of the light and a 
coefficient depending on the condition of the organ of vision was a 
measure of the effect of the stimulus. 

The writer calls this the coefficient law. So far as its proof and 

validity are concerned, it must be borne in mind in the first place that 
the assumption in regard to the functional importance of the eye’s 
~ being “attuned,” which is at the basis of the law, applies merely to the 
- behaviour of a unitary system, that is, of a single component mech- 
anism of the organ of vision. Accordingly, it is to be expected that the 
law will not apply where twilight and daylight vision are in operation 
together ; because, under these conditions, we have to do with changes 
of condition of both mechanisms, and these changes are generally 
different. As a matter of fact, BinLer! found that the effects of dim 
lights were increased much more by dark adaptation than those of 
bright lights. Thus, in order to illuminate two adjacent parts of the 
retina that are “attuned” differently, so as to get the same impression 
of brightness from them both, the ratio between the two objective 
brightnesses will have to be reduced (that is, will have to be made 
nearer unity) as the absolute intensities are increased. And if a match 
is made between two dim lights, and then both are increased in the 
same proportion, the stronger light (acting on the fatigued place) will 
appear too bright. The same result has been obtained recently by 
Dirtier and ORBELLI.’? 

In apparent conflict with the results of the authors just mentioned, 
Wirt? found that the coefficient law was valid within fairly wide 
limits; but the explanation perhaps is that he worked with light- 
adapted eye and possibly also with stronger lights. Thus an unequivo- 
cal answer cannot be given at present to questions that are of peculiar 
theoretical interest, namely, as to how the ratios turn out for the 
separate mechanisms of the eye; whether the coefficient law is obeyed 
here approximately, and if not, in what direction the deviations from 
it are. To obtain the answers, the test would have to be made with 
very small fields, directly fixated, and with very bright lights. 

1 Beitrige zur Lehre von der Umstimmung des Sehorgans. Diss. Freiburg 1903. 

2 Prriigurs Archiv, CKXXII. p. 338. 1910. — From the description given by these 
authors it is not clear whether theconditions were such that the codperation of the twilight 


mechanism can be assumed; but they certainly do not indicate that this was not the case. 
3 Wonpt, Philosoph. Studien XVI. (4), XVII. (3) and XVIII. (4). 
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As to more special phenomena, there is a fact connected with the 
action of white light that should be mentioned here. If in the case of 
the photopic eye a part of the retina that has been fatigued with white 
light is tested with coloured light, we find that in order to get the 
same impression (that is, equal colour saturation) from the adjacent 
unfatigued places as from this spot, we have to use lights of different 
intensity but of approximately the same spectral composition. Thus, 
for instance, if in order to make the match, three times as much white 
light is required at the fatigued place as on the adjacent parts, this 
place must be stimulated with approximately three times the amount 
of coloured light also. Fatiguing the eye by white light appears there- 
fore to modify the effects that stimuli have on the colour discrimina- 
tions of the sensation.! 

There are also a number of new results concerning the phenomena 
of fatigue with coloured lights. If places on the retina that are fatigued 
for one colour are tested with lights of other colours, the general effect 
is an appearance which is approximately complementary to that of the 
colour causing fatigue. We are indebted to Hess? for a series of 
quantitative determinations along this line indicating that these 
changes are very considerable. A green light (517uu) acting on a portion 
of the retina fatigued with blue looked the same to him as a slightly 
greenish yellow (565uu) which he used to make the comparison. The 
writer found that after red fatigue a yellow looked like green yellow 
(556up), and that after green fatigue it looked like orange (605uy). 
HeLMuHOLTz stated that all pure spectral colours seem to be very much 
more saturated when the eye has been previously fatigued by the 
complementary colours; and this has since been repeatedly verified.‘ 
It is especially true with respect to the colours of the less refrangible 
half of the spectrum and for high intensities. 

By making the tests with the same light used for fatiguing the eye, 
information is obtained concerning the apparent variations that take 
place in looking at a single colour (or monochromatic light) for a long 
time. It is a familiar fact that there is loss of saturation under these 
circumstances; and most colours undergo a change of hue at the same 
time. According to VorstTx’s observations,® after steady fixation for 
a long time, light of long wave-lengths (up to 560uu) was found to 

ly. Krizs, Berichte der Freiburger Naturf. Gesellschaft. 1894. — Wirta, (Archiv. f. 
Psychologie. I. page 49) obtained the same result. On the other hand, opposite results have 
been found very lately by Dirrter and Ricurer in similar experiments, the explanation 
of which is not clear at the present time. Zft. f. Sinnesphysiologie XLV. page 1, 1910. 

2 Huss, Archiv f. Ophth. XXXIX (2), S. 45. 

8 y. Krins, Nageus Handbuch der Physiologie III S. 215. 


4 Huss, loc. ctv. Krins, Naauts Handbuch der Physiol. III. 8. 214. 220. 
5 VorstTE, Zeitschrift f. Psychologie etc., XVIII. S. 257. 
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look like a test light of shorter wave-length; and light of wave-length 
between 560 and 500yy like a light of longer wave-length. Thus in 
each case they approach yellow in appearance. Light comprised 
between 500 and 460up again begins to look like light of shorter wave- 
length, that is, tends to look more like blue. 

As previously stated, there is a great variety of satisfactory 
theoretical explanations of the essential qualitative aspects of these 
phenomena; but no one has yet succeeded in giving a satisfactory 
explanation of the details and quantitative relations. And hence, 
with respect to this whole group of phenomena, we should be cautious 
about drawing conclusions as to fundamental questions concerning 
_ the organization of the eye or how it is composed of separate parts. 
HELMHOLTz’s assumption of a fatigue, which would take possession 
' of the separate components independently, affecting each of them in 
proportion to its activity, encounters difficulties with respect to the 
great increase of saturation which can be produced even with spectral 
lights by fatigue with complementary colours. At any rate this is so 
if we adhere to the theory of the components as derived from the 
anomalies of colour vision. And it is doubtful, to say the least, whether 
these difficulties can be surmounted by making other assumptions 
as to the components. 

As has been mentioned, Hmrine originally regarded the modula- 
tions, conformably to the coefficient law, as being of such nature that 
the result of the stimulus was measured by the product of stimulus- 
intensity and a factor depending on the modulation. Later, as Hess 
had done before, he substituted for this the notion that every light by 
its colour modulation (Farbenumstimmung) must receive a certain 
value in complementary valence (Betrag an gegensinniger Valenz) ; 
a conception which cannot be said to be entirely satisfactory. In all 
cases additions of some sort have to be made to the theory in order to 
explain the independence between optical matches and the modulation 
of the organ of vision.! And the theory encounters positive difficulties 
in connection with the facts given above, which show that by fatigue 
with white light the excitability of even the underlying mechanism 
of colour determinations is lowered. 


4. Temporal Effects of Stimulations 
The temporal relations of the processes of stimulation are much more 
complicated than was formerly supposed. These have theoretical 
bearings in many ways, and hence a review of the more recent studies 
may be included here also. 
ly. Krius, Arch. f. (Anatomie und) Physiol. The validity of this view has been ques- 


tioned by Herrna, without justification. See Hmrtna, Prutcers Arch., XLII. 497.—v. 
Kriss Arch. f. Physiol. 1887, page 113; 1888, page 381. 
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As to the effect of a single short-lived stimulus, peculiar conditions 
were found to arise from the so-called PuRKINJE after-image (positive 
complementary image), which is a phenomenon that has been known 
for a long time. Thereupon, systematic investigation of the action of 
short-lived stimuli revealed that this constitutes only a part of a long 
series of processes. 

As to methods, these researches have been conducted along two 
lines. One way is to let a short-lived stimulus act on a part of the 
retina and to observe the successive stages of sensation that follow. 
The other way consists in letting a spot of light glide over the retina 
of the immobile eye. Moreover, in the latter case each point of the 
retina is illuminated for a short time (determined by the size and speed 
of the image), but one after the other. Thus the various phases of 
the process are watched at the same time, but separate from each other 
in space, which makes it much easier to analyze and appreciate them. 

The phenomena that are perceived under the most favourable 
conditions for distinguishing their various stages will now be enumer- 
ated.! 

Suppose a bright object is made to move about in the field of view 
which is otherwise perfectly dark; then under proper conditions the 
following stages of the entire process connected with brief stimulation 
may be distinguished.’ 

1. The primary image, the preliminary appearance of light, which 
is the first and greatest effect of the stimulus. It comes up generally 
in the same colour that the light has when it acts continuously. As 
contrasted with the stationary light, it is elongated more or less, 
depending on the speed of movement. 

2. The primary image is followed by a dark stretch. 

3. Thereupon follows closely a so-called secondary image indicating 
a repeated flashing out. When the light itself is coloured, this image 
is faint and usually indeed complementary to the primary image. It 
represents what was observed first by PURKINJE, and what has since 
been called the positive complementary or PuRKINJE after-image. 
Very sharply delineated and as a rule not drawn out much, this image 
constitutes the most peculiar and most conspicuous phenomenon of 
the whole region. For when the movement is moderately rapid, it 
makes the impression of a second luminous object at a fixed distance 
behind the first, often of considerable brightness, and, as intimated, 
having a colour about complementary to the primary image. This is 


‘ This is a brief résumé of the writer’s description in Nacet’s Handb. d. Physiol. III. 
221. 


2 {See Parsons, Colour vision, pages 87, foll. (J. P. C. 8.) 
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the reason why the phenomenon was called “recurrent vision” (YouNG, 
Davis), ‘the pursuant image” (v. Kriss), ‘ghost’? (BripwELL), and 
“satellite’ (HAMAKER). For a revolving blue object it is shown in 
Fig. 2 of Plate III’ 

4. The secondary image is not sharply terminated behind, and is 
followed by a second dark gap. Close on this is— 

5. Another glow still, which we may call the tertiary image, 
adopting the term used by SNELLEN and Boscua. It has no colour 
or is faintly coloured like the primary image. It is not sharply outlined, 
_ but represents a gradual increase and decrease of brightness extending 
over several seconds. When the object completes its circuit in from 
_ 1.5 to 3 seconds (which is the best speed for seeing the secondary 
- image), this part of the phenomenon, if it is well produced, is like a 
cloud of light filling the entire circle. Therefore, in order to observe 
the entire course of the phenomenon, it is better to let the object make 
only one revolution or part of a revolution. 

6. The last phase consists of a darkening following close un the 
preceding, again without being sharply separated from it. It reveals 
the path traversed by the bright object as a deep black band. The 
primary image is by far the brightest, and although the secondary 
image is much fainter, it is, however, considerably brighter than the 
tertiary image. Accordingly, supposing that there are certain in- 
tensities of the objective light that are best adapted for showing the 
phenomena in the way they have been described above, we should 
expect that with lower intensities the primary and secondary images 
alone would be visible, and with lower intensities still the latter too 
would disappear. Moreover, the extent of the separate images is 
variable and depends on circumstances; and hence the primary image 
may reach as far as the secondary, and the latter again may extend out 
to the tertiary; and so there will be no dark gaps. In this case the 
appearance is essentially different in character; and this is manifested 
especially by the fact that the comparative individuality of the various 
stimulations supposed to occur here is not clearly brought out any 
more. 

Of the many details only those can be mentioned here that have 
been most positively observed and are of particular theoretical interest. 
In the first place, the primary image shows variations which indicate 
that the different parts of the organ of vision that are affected by the 
continuous action of light do not all come into activity simultaneously 
when the light is first turned on. Phenomena of this kind, by the way, 
can be observed under many conditions, and some of them have been 
known for a long time. Thus, for example, it has already been stated 
(p. 255) that for certain rates of rotation of a disc with black and white 

*Plate III faces page 384. 
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sectors, the forward edges of the latter appear reddish and the back- 
ward edges bluish. Thus it seems as if the red component reacted more 
quickly than the others. Incidentally, also, KUNKEL’s observations' 
are in good accord with this. Huss? states that the forward edge of 
a red object in motion appears to be a more saturated red, which 
perhaps can be explained in the same way. 

These differentiations are especially noticeable in dark adaptation. 
In this case, vivid colour appears only on the forward edge (the effect 
is particularly distinct with blue light). Close behind it there is a 
paler portion which runs out into a white tail. The primary image then 
has the appearance shown in Fig. 3, Plate III.” This shows that the 
primary stimulation of twilight vision follows that of daylight vision 
with a little retardation. The old phenomenon of the so-called ‘fluttering 
heart”’ belongs here also (see p. 258). Bits of coloured paper are fastened 
on a background of another colour; and when the whole affair is moved 
slightly to and fro, the pieces of paper seem to dance about on the 
background, as if they lagged behind it or ran ahead of it. It is an 
effect that can be induced by suggestion under very many conditions. 
By far the best way to get it is with bits of red paper on a dark blue 
ground (or vice versa), and with feeble illumination, so that in case of 
the blue its rod-action preponderates. 

Along a radius of a black dise attach a narrow red strip and a blue 
strip so that one forms the continuation of the other; and observe it in 
dim illumination with dark adaptation. When the disc is turned 
slowly, it is easy to see how the red strip runs ahead and the blue strip 
lags behind. (Of course, the eye must not try to follow the movement 
of the disc, but must look fixedly in the same direction.) McDoucauu? 
estimated the amount of this retardation at about 1/18 second.’ 

The secondary image appears from a quarter to a sixth of a second 
after the primary. The most remarkable thing about this image is 
that it is absent in the fovea. Thus if it is observed in the way de- 
scribed above as an image coming behind, and if then, without changing 
the fixation of the eye, the primary image is made to glide over the 

1Pritcers Archiv. VI. 8. 197. 1872. 

2 Pritiurs Archiv. CI. 8. 226. 1904. 

3 McDovaatt, Brit. Journal of Psychology. I. 1904. 

‘4 qH. E. Ives, Visual diffusivity. Phil. Mag. XXXIII- 1917, 18-33.—Idem, Resolution 
of mixed colors by differential visual diffusivity. Phil. Mag. XX XV. 1918. 413-421.—F. W. 
FrOouticu, Grundziige einer Lehre vom Licht- und Farbensinn. Ein Beitrag zur allgemeinen 
Physiologie der Sinne. 1920. — Idem, Uber oscillierende Erregungsvorginge im Sehfeld. 
Untersuchungen tiber periodischer Nachbilder. Zur Analyse des Licht u. Farbencontrastes. 
Zft. f. Sinnesphysiol. LIL. 52-59; 60-88; 89-103. — Idem, Uber den Einfluss der Hell- u. 
Dunkeladaptation auf den Verlauf der periodischen Nachbilder. Zft. f. Sinnesphysiol. 
LIII. 79-107.—Idem, Uber die Abhangigkeit der periodischen Nachbilder von der Dauer 
der Belichtung. Zft. f. Sinnesphysiol. LIII. 108-121. (H. L.) 

*Plate III faces page 384. 
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fovea, the trailing image follows behind it up to a short distance from the 
fovea, and then disappears there in very singular fashion, just as if it 
went into a tunnel, to reappear a little the other side of the fixation 
point. The inference is that the secondary stimulation is a function 
of the twilight mechanism, which is confirmed by the fact that the 
luminosity of the trailing image corresponds to the twilight values of 
the stimulating lights. When light of very long wave-length is used, 
the secondary image is not observed, at any rate not until the intensity 
of the light is very considerable. Thus, so far as the luminosity of the 
secondary image is concerned, we must consider it as being a special 
temporal characteristic of rod function; and, on the other hand, the 
reason for its complementary colour is connected with the modulation 
of the organ of vision that exists during this phase.? The way in which 
the secondary image depends on the adaptation is remarkable and has 
not yet been explained. Starting with the eye light-adapted and 
observing the changes that take place in the secondary image, during 
otherwise constant conditions, as dark adaptation sets in and con- 
tinues, we notice that for some minutes it is invariably clearer and 
more beautiful, increasing in brightness and extent. But then it 
becomes harder to make out, and after very long dark adaptation (two 
hours or more) the writer cannot see it any longer at all.? The tertiary 
image, being of the same colour as the first, proves to be a second 
stimulation of the trichromatic mechanism similar to the first, but 
there seems to be superadded still another, that is, a third luminosity- 
sensation mediated by the rods. 

Thus, the details of the phenomena enable us to keep separate the 
part in them that is probably taken by each of the two mechanisms of 
the organ of vision. But at present we are not in the position to give 
an explanation of the complex temporal configuration of the processes 
of stimulation in each of these parts. 

With respect to the stimulus effects in case of long-continued 
illuminations, Hess‘ reports that at both the beginning and the end 
of the stimulus similar oscillatory proceedings can be observed. Long 

ly. Krizs, Zeitschrift fiir Psychologie XII.S. 83. 1896. 

2 Certain deviations from the rule of complementary colouration are due to the fact 
that the sensation corresponding to twilight vision is often more or less bluish. This is why 
the blue colouration is particularly clear and easy to see when yellow lights are used. On 
the other hand, with blue lights, frequently the secondary image seems to be of the same 
colour provided the stimulating light is of low saturation; not being yellow, as it should be, 
unless the saturation is high. 

3 Nagev and various other observers working with him and the writer had the same 
experience. Huss states that for him the phenomenon is not essentially different whether 
the dark adaptation is very long or brief. 

4 Priiicnrs Archiv. CI. S. 226. 1904. 
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ago Exner! carried out experiments and measurements as to the 
manner in which the process of stimulation increases at the beginning 
of the stimulus, and especially with respect to the time taken to reach 
the maximum. 

For this purpose, he stimulated two contiguous portions of the — 
retina at an interval apart of from one-fiftieth to one-sixtieth of a 
second, and then simultaneously extinguished both lights. The exact | 
moment of extinction can be varied, and so the two illuminations can 
be made to last longer or shorter, however with the same interval — 
always between their instants of beginning. Now if the periods of | 
illumination are so brief that the maximum is not yet reached, then 
at the moment the lights are extinguished the stimulation due to the 
first will be nearer the maximum, that is, higher in value. But if the 
maximum has already been reached, then the stimulation due to the 
first will already be beyond that, that is, lower in value. Exner found 
that the times thus ascertained for the rise of the sensation became 
shorter with increased intensity. With the intensities which he used, — 
these times were between 0.150 and 0.287 second. Also when the time 
of action of one stimulus was diminished, it could be determined how 
its intensity had to be increased in order for it to remain equal to the 
other, which was kept constant in period and strength. Hence, the 
mode of rise of the stimulation could be derived. 

Similar experiments were made by KuNnKEL? with coloured (spec- 
tral) lights. 

As the comparison between the adjacent fields is made mainly 
during the after-image phase when the illuminations are of such short 
duration, the principle is correct only on the assumption that, if the 
stimulations are equal at the moment the stimuli cease to act, they 
will also die down together. Owing to the complicated temporal 
relations of stimulation by short-lived stimuli, this supposition is open 
to some doubt; and so there is some uncertainty about experiments 
based on it.’ Stiil greater difficulties are encountered in comparing the 
~ luminosity of a very brief stimulus with that of one that is continuous- 
ly visible; as was done by Martius in trying also to find how the 


1 Sitzwngsberichte der Wiener Akademie Math. naturw. KI. (2) LVIII. S. 601. 

2 Pritcers Archiv. IX. 8. 197. 

3 On the other hand, the writer cannot see how these results would conflict with the 
above mentioned observation of Hxss concerning the oscillatory way the stimulations begin 
or how they would be invalidated thereby. Exner worked with stationary objects and 
Hess with moving objects, which is a difference that may be worth considering in this 
matter. But aside from this, there is nothing whatever against the idea that Exner’s 
determinations relate to the first rise and first maximum of the process of stimulation, as 
was rightly pointed out by Exner himself in reply to Hxss’s criticisms. (Pritigers Archiv. 
CIII. p. 167, 1904). 

4 Beitrdge zur Philosophie und Psychologie. I. S. 3. 
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sensation rises. The conditions here for comparing the luminosity 
are very complex, and the results are variable; as is shown directly 
by Warv’s observations.! 
The phenomena are far more 

diversified still when time and + eee ORY 

space are both factors in the 
combined stimulus; as, for ex- 
ample, when images more or less 
complicated in character are 
made to pass over the retina. 
These phenomena are as yet only 
~ partially understood, and cannot 
be classified or positively ex- 
plained. It may suffice to cite 
here one example which is es- 
pecially remarkable because very 
brilliant colour effects are pro- 
duced by objects without any 
colour as a result simply of 
special space and time relations. When a disc like that represented in 
Fig. 79 is made to execute single rotations of about 180° in the direction 
of the arrow (the best way to do it is by hand, because then the right 
speed can be easily found), what we see is that a metallic luminous 
yellow red tail attached to the sy 


black portion comes on behind it. 
The tail is deep red when the oS 
ae SX 


Fig. 79. 


disc is viewed through a yellow 
glass. If the disc is made to re- 
volve continuously, at about 4 or 
5 revolutions per second, the 
colour spreads over the whole 
periphery, that is, we see a 
yellow-red or red ring, in which 
incidentally a periodic alterna- 
tion of bright and dark places is 
noticeable. 

The yellow-red colouration oc- 
curs on portions of the retina, where 
the (colourless) illumination begins 
a little later than on the adjacent parts. 

In an experiment described by BrpwE.L? the same thing was ob- 


1 Wart, Priiicers Archiv. CVII. 8. 531. 1905. 
2 Proceedings of the Royal Society London. LXI. 8. 268. 


Fig. 80. 
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served in a little different form. A disc, half white and half black, has 
a 45° sector cut out of the white half. It is set to spinning rapidly, 
180° of black being followed by 135° of white. Black print on a white 
background seen intermittently through the gap in the rotating disc 
looks red. This phenomenon, combined with others, can be observed 
with the so-called Bennam top! (Fig. 80). Rotated slowly, the inner 
rings here, which are arranged as described above, look yellow-red, 
and the outer ones bluish. No distinct colour can be discerned in 
the two intermediate sets of rings. 


5. Review of the Status of the Theoretical Questions 


Reviewing the facts here mentioned, we can see that perhaps of 
all theoretical conceptions as to the structure of the organ of vision 
the assumptions that constitute the duplicity theory may be regarded 
as comparatively the most secure. It is not necessary to take up again 
in detail the relations that have been described. It may be added, 
however, that they are connected with perfectly definite anatomical 
and physical facts, and therefore have the advantage of dealing with 
something concrete and known rather than with the abstractions 
of HELMHOLTz’s components or HERING’s visual substances. 

Connected with this is the fact that we are on less sure ground the 
moment we try to form more exact pictures of the trichromatic 
mechanism. As to these matters, it may be said in the first place that 
the anomalies of colour vision and their relations to normal vision 
represent the field in which there has been on the whole most success 
in obtaining a complete survey of a large number of facts in terms of 
relatively simple general laws. This field affords therefore what 
appears to be the most solid foundation for conjectures as to the 
structure of the organ of vision. Moreover, in a comparatively simple 
way these facts can be made to dovetail with the HeELMHoLTz theory, 
but not with any other theory. 

It must be remembered also that this theory does not pretend to 
explain the conditions of vision in the thorough and simple manner 
it seemed to do fifty years ago. But from an unprejudiced view of 
the facts there can hardly be any doubt that in its assumptions it 
lays hold of a fundamental characteristic in the structure of the visual 
mechanism and is very much to the point. There is nothing incon- 
sistent with this in imagining that the hypothetical articulation 
(Gliederung) of the mechanism of vision is true only for one portion of 
it; the question still being left open, however, as to what those com- 
ponent parts really are. And we may go on using the ideas of com- 


1 Thid. 
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ponents, valence curves, deficiency effect, etc., without being deceived 
as to their merely provisional meanings and without leaving out of 
account the fact that subsequent investigations will determine their 
ultimate significance, probably substituting something else for them 
equivalent in effect. 

As to the conceptions of the four-colour theory, the writer thinks 
that all that can be said with comparative certainty is that in some 
way the colourless sensations occupy an important position. But 
whether a similar statement can be made with respect to what are 
called pure colour sensations is very much more doubtful. But even 
on the first assumption by itself, we may still regard the three com- 
ponents of the Hetmuo.rz theory as being a satisfactory representa- 
tion simply of an outer structure of the organ of vision, the processes 
occurring within them being transformed into others in the interior, 
in which the colourless luminosity sensation comes to occupy a position 
of special importance, and which probably may conform in other ways 
also to the assumptions of the four-colour theory. It is rather curious 
to note that most theoretical speculations have led, from different 
points of view, to be sure, to these notions of a different division of 
the organ of vision in different zones. This is a view which the author 
advanced in his earliest work. Starting from the theory of opponent 
colours, G. E. Miuuer likewise has had to assume other mechanisms 
for the places where the light acts directly. Tscumrmax also, by his 
distinction between stimulus-receptors and _ sensation-stimulators, 
takes practically the same position. And ScHENcK has assumed a 
distinction of this kind and regards it as indispensable. 

So far the conception may be said to be on a pretty solid basis of 
facts. But when we try to designate physiologically the immediate 
substrata of sensation, we are landed in the midst of all kinds of 
uncertainty. Certainly, in this respect Hmrina’s theory is the most 
interesting by reason of its general biological considerations.. But it is 
precisely from this point of view that there are also weighty objections 
to it.2, Moreover, it never seemed plausible to suppose that the state 
of the sensation both in brightness and darkness has to be adjusted 
on the average to the same value (neutral grey). And at present it can 
be regarded as extremely probable that at any rate the greatest 
changes that go on in the organ of vision are those produced by adapta- 


19C. Lapp-FRANKLIN, On color theories and chromatic sensations. Psychol. Rev. 
XXIII. 1916, 237-249. — Eadem, Practical logic and color theories. Physiol. Rev. XXIX. 
1922, 180-200. Eadem, Tetrachromatic vision and the development theory of color. 
Science, LV. 1922, 1-6. (H.L.) 

2See, for example, what Fick says in Sitzwngsberichte der Physik. Med. Gesellschaft 


Wurzburg. 1900. 


452 The Sensations of Vision (376. K. 


tion and are connected with the formation of visual purple; in other 
words, they have an external basis in the sense that they are not 
directly dependent on the sensation process—Among hypotheses 
connected with H»rina’s fundamental ideas, the proposals made by 
Pauut' and by BrunNER? may be referred to. They are likewise 
concerned with the nature of the processes underlying sensations, 
especially with the mode of antagonism that has to be hypothecated 
between processes combined in one pair. With respect to the anomalies 
of colour vision, these theories certainly need to be amplified exactly 
in the same way as the original theory of opponent colours; and, 
according to what has been stated already, this amplification would 
have to do with the external part of the organ of vision. As to the 
basis of sensation itself, the writer thinks that the proposals made by 
Pauti and BrunNER amount to far more considerable changes in 
Herine’s theory than they themselves realize; changes which enable 
the theory to get rid of many difficulties, but also involve it again in 
many others. The interest of the entire conceptions, and especially the 
way in which they differ from the original theory, is connected chiefly 
with general biological questions; and therefore a thorough discussion 
has to be omitted here and reserved for another occasion. 

An idea that is apparently at the basis of many of these attempted 
explanations was first expressed by DonpERs. He supposed that the 
sensations are associated throughout by cleavage-processes. The col- 
ourless sensations are due to total cleavages (symmetrical or un- 
symmetrical) of highly complex molecules, whereas the coloured 
sensations are due to partial cleavages. ScHENCK’s theory mentioned 
above and Lapp-FRANKLIN’s theory, which is very similar to it, are 
closely related to this idea. ‘ 

On the other hand, Bernstein’ has developed a theory of visual 
sensations on an entirely different basis. This theory makes use of 
special conceptions concerning the processes in the central nervous 
system, including inhibitory effects. 

The very diversity of the results of all these speculations, in spite 
of the fact that they all start from very similar premises, merely 
serves to show what wide room there is here for hypotheses. The 
writer has expressed the opinion over and over again that it is idle at 
present to tackle these questions; and recent experiments (especially 
one of SCHENCK’s) tend to confirm this opinion. Of course, it is a 
matter of individual scientific disposition and personal taste as to 
how far one can go in this direction. 

1Pauui. Der kolloidale Zustand und die Vorgdnge in der lebendigen Substanz. 1902. 


2 Priteers Archiv CXXI. S. 370. 1908. 
5 Naturwissenschaftliche Rundschau. XXI. 8. 497. 1906. 
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As to the main result of the more recent investigations, the writer 
would not venture to state that they are in harmony with any definite 
theory of the organ of vision or tend to give it support. The chief 
outcome has been rather to establish the fact that the different 
mechanisms of vision, which are different also in their efficiency, are 
distinguished from each other in very characteristic fashion by the way 
in which they react to different kinds of light, that is, by the peculiarity 
of the lights that appear to be the same. The thing to do, therefore, 
is to find out what lights look alike to each mechanism, because, as far 
as we know at present, this is the only perfectly unobjectionable 
method of obtaining information in comparatively simple fashion as 
to the efficiency of an eye in recognizing and discriminating colours. 

The reason why K6nie’s researches and the vast amount of work 
that has been carried on in methodical connection with it have had 
such valuable results is just because, without any theoretical pre- 
sumption whatever, a certain group of facts was investigated that 
could be observed directly. And in this way results were obtained 
which may be regarded, also without any theoretical bias, as general 
facts as to the mode of behaviour of the different mechanisms of vision, 
as found by direct observation. It is worth emphasizing this chiefly 
on account of the great practical value of these tests of colour vision 
for railway employees, etc. Just such conditions constitute the basis 
of methods of research, as has been stated before. But these facts 
must be further emphasized because, although it was formerly sup- 
posed that colour matches were particularly adapted for determining 
the character of vision, for a long time the method was viewed with 
some doubt, the tendency being to relegate it to a position of subordi- 
nate importance. As a matter of fact, Hmrina’s theory of the relative 
blueness or yellowness of vision as a peculiarity that may belong to 
the normal eye and the “‘red-green-blind” eye entirely in the same way, 
necessarily led to the conception, which is certainly very prevalent, 
that we are concerned here with peculiarities of comparatively sec- 
ondary importance, that are of no great scientific interest and certainly 
without any practical value.1 On the contrary, we must emphasize 
that this whole theory has proved to be actually incorrect. The 
differences in the normal eye are not of a similar kind to those between 

1 Herine’s vacillating attitude is responsible for this opinion in great measure. In 
his work on the subject published in 1885 he left it undecided whether “the division of the 
red-green-blind into red-blind and green-blind, which is considered more accurate by 
many persons, can be said to be correct, inasmuch as the higher degrees of blueness or 
yellowness of vision are more frequent than the medium degrees.” Thus he did not think 
it worth the trouble to come to a definite conclusion on this question. Subsequently, 


so far as the writer is aware, neither Herne himself nor any of his pupils made any ob- 
servations of this kind on dichromatic eyes or eyes with poor colour vision. 
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protanopes and deuteranopes. Normal eyes, colour-blind eyes, and 
eyes with poor colour vision can be checked in a perfectly regular way 
by the kind of colour matches they make. 

Colour matches are a correct criterion for determining the character 
of the organ of vision. The differentiation between the different forms 
of the organ of vision, based on these matches, so as to include normal 
vision, the two kinds of dichromatic vision (colour blindness), and the 
two kinds of poor (anomalous) colour vision; the possibility of deciding 
on the mode of vision of each of these persons and distinguishing them 
exactly—these are the things in the writer’s opinion that constitute the 
most important outcome of recent investigations. These facts by 
themselves are not sufficient to constitute a basis of a theory of vision. 
And as long as there is a lack of objective observations as to the action 
of light, and as to the morphological or chemical subdivision of the 
organ of vision, ete., every theory of this kind will float in the air, so 
to speak. Undoubtedly, however, the chief problem of a future theory 
supported by determinations of this kind will be to explain these 
functional facts; and its ability to do this will be the touchstone by 
which it must be tested.! 


14L, Korres, Lisst sich das retinale Sehen neu physikalisch erklaren? Mdinchner 
Medizinische Wochenschrift. No. 16, 1921; and Idem, Die Rolle stehender Lichtwellen im 
optischen Lamellaraufbaue der lebenden Augenmedien. Deutsche optische Wochenschrift. 
Now 12; 19215 (I. Baa'8:) 


The Nature of the Colour Sensations 


being a further discussion of this subject 
by 
CHRISTINE LADD-FRANKLIN: 


Professor CaTTELL, in reviewing for Science, in 1898, the second 
edition of Hetmuourz’s Physiologische Optik, said that this work is 
“one of the few great classics in the history of science.” This very 
just judgment holds still at the present time, although it is now nearly 
sixty years since the first edition, which had been some ten years in 
coming out, was finally issued. Whoever looks over this splendid 
example of acute scientific thinking and brilliant experimenting will 
be grateful to the Optical Society of America and to the editor in 
charge of the translation, Professor SourHa.u, for having decided to 
bring out even now (what ought to have been done long ago) an English 
translation of this great work. Some of the facts here recorded will, it 
is true, have been superseded by later work, but on the other hand 
much will be found in it which has been, by accident, simply over- 
looked in later times. The scientist in the subject of physiological 
optics will therefore be amply repaid’if he reads this translation, and 
not simply secures it for his bookshelves. 


I. The Helmholtz Theory 


HELMHOLTZ was a great psychologist as well as a great mathema- 
tician, a great physicist, and a great physiologist.? If his work were to 
be brought out now for the first time it would undoubtedly be called 
Psychological Optics instead of Physiological Optics—there is far 
more of psychology in it than there is of physiology, and the psychology 


1 JAs stated in the Preface, this chapter is an addition tb the original work, for which 
the editor assumes the sole responsibility. The writer, as everybody knows, is particularly 
well qualified to discuss this subject. One of the sessions of the International Congress 
of Psychology in London in 1892 was devoted to new theories of colour sensation. That 
evening the papers which had been read in the morning were being discussed privately 
by a group of scientists of whom Hztmuourz happened to be one. He had spoken rather 
disparagingly of one of the contributions, when somebody asked him what he thought of 
Mrs. FRANKLIN’s colour theory. “Ah,” said Hetmuourz, “Frau Franxuin,—die versteht 
die Sache!”’ (J.P.C.S.) 

2 It happens that his predecessor in the construction of atheory of the colour-sensations, 
Tuomas Youna, was also a man of the first distinction in half a dozen different branches 
of learning. 
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is (for the most part) of an extremely acute, as well as of a highly origin- 
al kind. Organised (non-philosophical) psychology was not definitely 
in existence when HELMHOLTz began issuing this book (1856), and he 
is, very properly, regarded as one of the first investigators in this field. 
It is, therefore, one of the most inexplicable of psychological occur- 
rences that so great a scientist paid no attention whatever to the fact 
that, while the necessary stimuli for all the colours in the spectrum 
(and in the world) can be secured by appropriate mixtures of only 
three wave-lengths, the distinct, different, sensations that result are not 
three in number but five—yellow and white are just as good, just as 
unitary, light-sensations as are red and green and blue.!' The things 
to be accounted for, then, in a theory of the visual sensations are, in 
the order of their phylogenetic development, a primitive achromatic 
sensation, the dull whites, and four chromatic sensations, first yellow 
and blue (the bees) and then red and green in addition (normal 
tetrachromatic vision); it may, therefore, be said that the Younc- 
HELMHOLTZ theory is at most three-fifths of a colour theory—it 
recognizes the existence of three out of five of the actual sensations. 
But also it takes no account of why the chromata? are developed in 
this peculiar way in pairs: first yellow and blue (although yellow does 
not exist in this theory)—later red and green. (It is also in this order 
inverted that the colours are lost in the case of diseases of the eye— 
tobacco amblyopia, progressive atrophy of the optic nerve—and also 
restored if the disease is recovered from.) Still less has it occurred to 
the adherents of this theory to pay attention to the extraordinary fact 
(absolutely unique in the whole range of the sensations) that these 
very colours constitute “disappearing” colour-pairs*—that no human 
being has ever seen a red-green or a yellow-blue—though he would 
be very much surprised if he failed to see, on the other two sides of the 
colour-triangle, the blue-greens and the red-blues, or, in the taste 
sensations, all siz of the possible blends, two and two—the bitter- 


1 Black, as HELMHOLTZ recognized perfectly, is a definite sensation, but it is a constant 
permanent, background sensation which becomes evident and forms a dual blend with any 
of the colours—not with white only—when they are faint. It is a non-light sensation and 
it belongs in a totally different category from the light-sensations. Its function I have given 
a theory for (see Dictionary of Philosophy and Psychology, 11, Art. Vision, p. 767, and Psy- 
chological Review, November, 1924). 

>I have urged the introduction of this name, chroma, in the sense of colour proper, 
gelonte Farbe, since 1913, in order to obviate the hopeless ambiguity that results from using 
“colour” in a double sense—now including and now excluding the achromatic sensations. 

’ The term “disappearing” colour pair is very necessary in order not to prejudice the 
mind of the reader, at first, as between the HurtNne conception (antagonistic chemical 
processes) and mine (that of constitwent chemical processes). Still less is “cancellation” 


(TROLAND) a permissible term for this, unless one has definitely adopted the Hrrine 
theory. 
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sweets, the sweet-acids, etc. The theory is therefore in absolute 
contradiction to the first of the admirable “axioms” enunciated by 
Professor G. E. Mtiuer—-that in correlation with every distinct 
sensation some distinct physiological (cortical in the last instance) 
process must be assumed to exist. To suppose (as v. Kris does) that 
for no assignable reason a three-fold process in the retina turns into a 
four-fold process in the cortex (or conversely, as DonpERs does) is to 
make admission of a fact, but does not provide a theory to account for 
it. Not everybody is interested in hypotheses (theories); some are 
content with a plain diet of fact. But it is well-known that successful 
theories of complicated occurrences in nature are not only intellectually 
satisfying but also most important as guides to further investigation. 

Our ancestors thought that redness resides in the rose. They had, 
very naturally, no conception of the fact—now a commonplace of 
science (saye for the physicists)—that there is no redness until specific 
light-frequencies have passed through the alchemy of the retina (and 
not always then—some persons, though they can see, are totally 
chroma-blind). That Hrtmuoutz himself should have used the word 
“colour” in its primitive, objective, sense is singular in the extreme; 
two successive sections of his book are called Die einfachen Farben and 
Die zusammengesetzten Farben, when what he is discussing is respective- 
ly homogeneous (or pure) and non-homogeneous (or mixed) light-rays. 
A blue-green sensation-blend may come from a homogeneous beam of 
light, and on the other hand a unitary yellow sensation may come from 
a mixture of ‘“‘red” and “green” lights. While this use of the word 
“Farben” is a mere momentary inadvertence on the part of Hrtm- 
HOLTzZ—he puts the matter in the third volume of this work (§26) 
in perfectly strict scientific terms—that is far from being the case with 
most of the physicists who write on colour at the present time, e. g., 
with Sir OurverR LopcE, Barton, Joty, Peppin, etc. This is allthe 
more strange when it is remembered that Newron (no one, indeed, 
before him had made this discovery) says plainly: ‘“The rays, to speak 
properly, are not coloured. In them is nothing else than a certain 
power or disposition to stir up a sensation of this or that colour ... 
So colours in the object are nothing but a disposition to reflect this 
or that sort of rays more copiously than the rest.” 

Moreover, it is to be noted that in the original theory of THomas 
Youne it was the physiological difficulty of imagining a sufficient 
number of tuned retinal fibres for all the rays of light, in accordance 
with the view of Newron—“vibrations running along the aqueous 
pores or crystalline pith of the capillamenta which pave or face the 
retina” —that led him to substitute a three-part mechanism, with an 
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overlapping in various proportions for the intermediate blue-greens, 
etc.! Unquestionably, Tuomas Youne would never have called this 
hypothesis of his (a limited-number-of-constituents-hypothesis) a 
trichromatic theory, nor (what is no improvement) a “‘triple nerve- 
excitation theory.” 

It is for all these purely psyehological reasons that the psychologists 
have never been able to regard the colour-theory of HELMHOLTZ as 
deserving of serious consideration. (The fact that HELMHOLTz gave 
no physiological explanation of what v. Krims? has lately furnished 
a much-needed name for, namely, the “accessory” visual phenomena, 
is of far less consequence; the recent finding of FROHLICH, e. g., that 
contrast is simply an after-image of scattered light, would fit into any 
hypothesis regarding the fundamental process of the colour-sensations.) 
Infact, Professor CaTTELL has said of this theory (in the review already 
quoted from) that “if it were to be proposed at this time [1898] it 
would not have a single adherent.” Wi1LL1AM JAMEs said that: Heim- 
HOLTZ is, in the science of colour, more eminent for his experimental 
work than for his theoretical contributions; but it has been pointed 
out, on the other hand, that the Phystologische Opttk was the work of 
his younger days. In any case the physicists ought surely to take 
notice of the fact that the psychologists, who are experts in questions 
of sensation, find that the HztmHoutz theory is wholly inadequate. 


II. The Helmholtz-Konig Facts of Colour Sensation 


But however inadequate the HetmMHo.rz theory may be for ex- 
plaining the characters of the chromatic sensations—however certain 
it may be that (1) vision is tetrachromatic, (2) that it has undergone 
a remarkable and a perfectly well made out course of development, 


1 Tt would seem to be impossible for the physicists to realize that when once light has 
struck the retina, wave-lengths cease to exist — that their place is taken by three initial 
chemical products and mixtures of them. Thus no interest attaches to a pair of comple- 
mentary wave-lengihs. When red and blue-green, or green and blue-red, or blue and yellow 
(that is, red-green) mixed in the required proportions, make white, what we have is the 
fundamental Younc-Hretmnoxrz fact that white can be made out of the three physical 
constituents, red and blue and green. (Yellow does not need to be put in separately— 
yellow is a secondary chemical product that forms itself. See my theory, to be given 
presently.) A simple consideration of similar triangles (in the map of colour sensations in 
terms of trilinear coérdinates) will show that lines drawn through the whiteness-point will 
meet the spectral line in points such that their severally combined red and green and blue 
constituents will be in the correct proportion for making white. I have, therefore, to aid 
this process of thought, proposed the use of the term “transformer mechanism” (plainly 
adumbrated, as above, by Tuomas Young) to accentuate the immediate change that takes 
. Place as soon as light performs its initial (photo-chemical) work upon the photo-aesthetic 
retina. There is everything in having a name when things are in danger of being overlooked. 

2 Allgemeine Sinnesphysiologie. 
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namely—(a) white, (b) yellow and blue in addition, which however 
revert to white, and (c) the addition again of red and green, which re- 
vert, when mixed, to yellow,—nevertheless the result of the great 
work carried out in the Hetmuotrtz laboratory by Konia and his 
assistants is plain matter of fact. It is indeed the most fundamental 
of all the facts regarding the colour-processes. However, it is not a 
fact regarding the sensations of colour, but only regarding the initial, 
photo-chemical process which starts up conditions resulting finally in 
sensation. Colour vision is not trichromatic, but it starts up (in the 
cones) with an initial ‘‘tri-receptor’’ photo-chemical process. 

The distribution-curves of the (four) chromatic sensations which 
represent the theory of Herine@ are all purely the work cf the imagina- 
tion, and so are the first tentative curves of HeLMHoLtTz (still too 
frequently reproduced in the books). But the situation is very different 
when it comes to the later curves, which represent what I may call the 
Hetmuoutz facts. These curves are drawn in accordance with the 
results of a vast number of observations in the game of ‘matching by 
mixtures”-—the demonstration, by the eye, that all the colours of the 
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Fig..81.—The Colour Triangle (K6nie). 


spectrum can be matched by physical mixtures of red, green and blue 
lights. When one-half of the field of view of the great HetmHourz 
instrument for mixing specific light frequencies, the Farbenmisch- 
apparat, is filled with a combination of two different lights and the 
other half with a homogeneous light, or a different light mixture, or 
white light, and if the proportions and the character of the several 
constituents are varied until the two half-fields are indistinguishable, 
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we are said to have before us a colour equation.! The results of these 
measurements are mapped in a colour-triangle (what the metallurgists 
call a triaxial diagram)—a very natural plan for representing (propor- 
tionally) by trilinear coérdinates functions of three independent 
variables. The three distribution-curves picture the same facts by 
means of a different system of representation. But it was only after the 
incorporation into this work by Konic of the results of the equations 
made by the partially chroma-blind that it acquired its present 
immense significance. 

This triangle should always be drawn with the yellow-white-blue 
line a fundamental (that is, a horizontal) line, as representing the fact 
that the yellow and blue system of sensations (that of the common 
form of partial colour blindness, of the normal human mid-periphery, 
and of the bees) was the first to be developed. 

When it came to deciding what wave-lengths to take for the 
independent variables in this work of matching by mixture, the choice 
was a difficult one for green (the two ends of the spectrum were natural- 
ly chosen, as a first trial, for red and for blue). In the lack of any 
determining consideration for this choice, a green was taken somewhat 
at hazard, and tentative curves were determined. (KOnIq’s names for 
these curves and for those which later replaced them, ‘‘Hlementaremp- 
findungen” and “Grundempfindungen,” are without present signifi- 
cance). Just at this time it happened that it was possible to secure 
four individuals who were trained observers, and whose vision was 
dichromatic (two of each type). Would their curves show any coin- 
cidence with the curves of the normal eye? It turned out that while 
the blue curves of these defectives coincided with the blue curve of 
normal vision, the other two curves (both yellow in quality, it cannot 
be too often repeated) were markedly different. But would they per- 
haps have coincided if some other independent variables had been 
chosen? The question is easily put to the test: it is a simple matter of 
mathematics (merely a change in the vertices of the triangle of refer- 
ence) to find out if there are independent variables, that is, unit 
quantities of lights of particular wave-lengths, such that the entire 
spectrum as seen by the three classes of individuals (the normal and 
the two types of defectives) can be built up out of like amounts of two 
or three of the several constituents—that is, are such that their curves 
do actually coincide. Asa matter of fact Konia and Dietericr (K6nic, 
Gesammelte Abhandlungen, p. 317) found that it was only necessary 

1 The instrument provides also for the throwing of measured quantities of white light 
upon either field at pleasure. An improved model has been put on the market quite lately 


by its makers, Scumipt and Harnscu of Berlin. Other equivalent means of securing the 
same results are now in use in this country. 
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to make the following substitutions for the colours first chosen to 
disclose complete coincidence: 


Kes Oreo Goa Otay: 


ne 
0.95 
0.25 R+G 
ieee ae 
gas 
Bay 


The colours thus fixed upon are (1) a red less yellowish than that 
of the spectrum, (2) a green of about 505yp, (3) a blue of about 470un. 
To repeat constantly that ‘‘these stimuli correspond quite closely with 
three of the fundamental physiological primaries of Her1ne”’ (Colorim- 
etry Report 1920-21) is to commit a sad error. The Urfarben of Hrr1NG 
are complementary colours and therefore cannot be the same as the 
colours of the Kénie curves. Konic and Herine both are perfectly 
explicit on this point (Priitgers Arch., XLI, 44, 1887 and XLVII, 425, 
1890). The first set of KONIG curves prove simply that three stimuli 
are enough to reproduce all the colours of the spectrum—they do not 
show that the actual constituents of normal vision may not be more 
in number. But the extraordinary circumstance that when vision is 
dichromatic the sets of two constituents (of two very different types) 
coincide respectively with one or the other pair of the three normal 
constituents, the blue and the red or the blue and the green, is a fact 
that can only be accounted for by admitting that we have here dis- 
covered the actual limited number of constituents of the wilderness 
of the colour-sensations. (It is this non-occurrence of either the “red” 
or the “green” distribution curve that has made it almost impossible 
for the physicist to admit the fact that in the case of undeveloped, 
second-stage, vision it is the more primitive yellow that the defective 
sees instead of either red or green.) In other words, the colour-systems 
of the two types of chroma-blindness are “reduction systems’’ (this 
admirable term is due to v. Kris). Another way of stating the fact 
here involved is this: in the colour-triangle all points on lines drawn 
through the vertices R and G will represent colours which look alike 
to the defective concerned, and their quality will be that of the whitish 
yellow (or blue) point in which the line cuts the fundamental Y-W-B 
line of the triangle. The continued use of the term “confusion colours” 
shows great ignorance of all these well-established facts of colour- 
vision. To say that (Colorimetry Report, 1920-21, p. 553) “the results 
cannot be regarded as sufficiently final to justify their adoption in place 
of a maximally straightforward [!] representation of the facts of colour 
mixture,” and to reproduce Kon1e’s crude, tentative, curves (loc. cit., 
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page 288), is to have missed this point altogether. The curves may be 
changed by future more exact methods, but the important thing is 
that they will both (normal and defective) be changed together, so that 
the coincidence will not be lost. 

When it was decided to make the first edition of the Phystologische 
Optik instead of the second the basis of the third edition (1909-1910), 
the editors automatically left out all of this very important work of 
Konia’s in the determination of the distribution-curves. Many of 
the theoretical views of K6Onia were of such a nature as not to be con- 
firmed by future results—as his belief that the cones have merely a 
dioptric function and that the photo-chemical process starts (for the 
chromata) in the epithelium cells. (It is plain that these large cells 
would have none of the minute space-specificity which is provided for 
in the cones.) But that is no reason for not recognizing the fact that his 
experimental work is fundamental in the highest degree. His great 
paper giving the complete account of this work did not appear until 
after the death of HetmuHoutz (1896; reproduced in Abhandlungen, 
pp. 214-321), but his final results had been very fully published, and 
they were expressly incorporated by HrLtmMuHoutz himself in the second 
edition.!. To have published an edition of HELMHOLTz with all this 
left out was very much like issuing the play of SHAKESPEARE without 
the part of Hamlet. I therefore give on the opposite page the original 
diagram of Konia (loc. cit., p. 310), never before reproduced as it 
happens, except schematically (HrLMHoLtTz); which exhibits. the 
definitive coincidence between the normal distribution curves (KONIG 
and DirTericr) and those of two each of the two common types of 
dichromatic vision (yellow and blue, in both cases, as sensations). 


III. The Development Theory of the Colour Sensations? 


It can never be known beforehand what ones of a highly compli- 
cated (and apparently contradictory) collection of facts will be the 
ones to throw light upon the whole bewildering subject—to suggest 
a theory which will reconcile the facts in question and fuse them into 
one all-embracing conception. In 1891-92, when I had the good 
fortune to have successive semesters in the laboratories of G. E. 
MU.uer and Konig, and as a consequence to have the HELMHOLTz and 
the HERING points of view both very “warm” in my consciousness, I 
found the antagonistic states of mind produced by these two absolutely 


‘Up to page 640 this edition is the work of Hetmuourz solely (as K6nta expressly 
states in his preface); the account of the work of K6nie is given in pages 357-370. 

? This has been variously called, by its adherents, the genetic theory, the evolution 
theory, and the development theory. 
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incompatible arrays of facts to be very irksome. It was (as I state in 
my first paper on the subject, Mind, N.S. II, 1893) while I was engaged 
in writing an article to show that a certain theory by DoNDERS was 
better than that of HeLmHouTz or of Herta, that it suddenly dawned 
upon me that a far better theory still was possible. The theory of 
Donpvers does nothing towards reconciling the views of HELMHOLTZ 
and of Herina; but (the converse of the position of v. Krres) it does 
at least recognize the fact that if vision is tetrachromatic in the retina, 
it must, to take account of the HELMHOLTz argument, become in some 
way ‘‘trichromatic” in the cortex. But this admission does not consti- 
tute a theory of the fact. All theories of colour (with the exception of 
the one which I have proposed) fall into one or the other of two classes 
—they accept (and explain) either the facts of Herne or the facts of 
Hetmuoutz. Thus we have, as theories of ‘‘trichromatism’? and 
tetrachromatism, respectively: The Hrtmuoitz School—Lopes, 
Joty, Barton, etc.; and the Herine School—Donpzrs, G. E., 
Mier, FROHLICH, SCHJELDERUP, etc. Not one of these theorists 
does more than to shut his eyes to the facts which the rival theories 
explain. This applies also to the ardent exposition by Frésxs of the 
theory of MiLuer, although he comes nearer than is customary to 
understanding the adverse facts. 

But in the light of the order of development of the colour-sense, 
the question became less insoluble. The remarkable fact of the double 
structure and the double function of the retina (rods and cones—Max 
ScHitiLtzE, PARINAUD) was already sufficiently well established to be 
made the foundation stone of a new theory of colour. And not only 
was it known that rod-vision is white vision, and that chromatic vision 
is cone-vision; it was also plain that the chroma-pairs did not occur 
both at the same time, that the yellow-blue pair preceded the red-green 
pair. With this it became possible, by what Hrcret might have called 
a “higher synthesis,” to reconcile the Younc-HELMHOLTz tri-receptor 
process in a cone with tetrachromatism for sensation (LEONARDO DA 
Vinci, Bricks, AUBERT, HERING), and to explain at the same time 
those singular phenomena, the reversion of the red-greens to yellow 
and of the yellow-blues to white. 

The theory thus indicated may be described in the following terms. 
It is assumed that there is a light-sensitive substance in the rods 
which gives off, under the influence of light, a reaction-product which 
is the basis of the primitive sensation of whiteness. In the cones, in 

1 This word is a misnomer, if we take chroma in its actual significance. The vision of 
the totally chroma-blind is not monochromatic but achromatic. The initial three-fold 


photo-chemical process which actually takes place in a cone should be called a tri-receptor 
process. 
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the next higher stage of development of the colour-sense (the yellow 
and blue vision of the bees, and of our own mid-periphery), this same 
light-sensitive substance has become, by a simple molecular re- 
arrangement, more specific in its response to light, and in such a way 
that the two ends of the spectrum act separately to produce nerve- 
exeitant substances which, however, when they are produced both 
at once, unite chemically to form the “white” nerve-excitant out of 
which they were developed. In the third and final stage the “yellow” 
nerve-excitant has again undergone a development in the direction of 
greater specificity, and red and green vision are acquired. These 
reaction-products are, however, the constituents of the more primitive 
“vellow’’ nerve-excitant, and hence when they both occur at once— 
when red and green light fall together on the retina—they revert to 
the “yellow” nerve-excitant. If blue light is now added, the white 
sensation is again produced. Thus “yellow” and “‘white’’ are, in 
tetrachromatic vision, secondary products; at the same time they are the 
identical nerve-excitants which produced the more primitive forms of 
vision. In other words, (1) a light-sensitive ‘‘mother substance”’ in 
the rods which, on dissociation by light, gives off a cleavage-product, 
W, resulting (in the cortex) in the dull white sensations, becomes (2) 
capable of giving off two subsidiary cleavage-products, Y and B; Y is 
split off by light of low frequency and B by light of high frequency; 
Y is the nerve-excitant for the sensation of yellow, B for the sensation 
of blue. But suppose that, chemically Y+B=W; then if Y and B 
are both split off at the same time in the same cone they (being by 
hypothesis the chemical constituents of W) immediately unite to form 
W, and the sensation produced will be the primitive white. So in the 
third stage we shall have, in brief: 


R+G=Y, YVY+B(=R+G+B)=W. 


The accessory phenomena of colour are also given a perfectly 
simple and satisfactory explanation in this theory. 

It is not necessary to discuss here the theory of Professor HERING; 
in addition to all its other difficulties it is absolutely incompatible with 
the Hetmuoutz fact of the tri-receptor process and consequently 
it has, naturally, never appealed to the physicists. There is no occasion 
for considering (as does Parsons) at great length all the minor merits 
and demerits of the HetmuHoutz and Herne theories. The situation 
is simply that Herine confutes HetmHoirz and HELMHOLTZ confutes 
HERING. 

Before the time of Lavoisier, when chemistry was not yet in 
existence, the alchemists might by chance have discovered that on 
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putting hydrogen and chlorine together in a test-tube, under certain 
conditions both of these substances disappear and hydrochloric acid 
takes their place. Being not yet chemists, they might have explained 
this experiment in this way: they might have said, ‘“Hydrogen and 
chlorine are a naturally antagonistic pair of elements—when they are 
put together in a test-tube they both vanish, and a hydrochloric acid 
which was there all the time takes their place.” This would be 
analogous to the Herne explanation of the fundamental event in 
colour. But since chemistry does now exist, it would be a pity not to 
take advantage of its effectiveness for explaining disappearances and 
appearances. 
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Fig. 83.—Stages 1, 2 and 3 of the actual development of the colour sense 


The assumptions which I make (representing the psychological 
actualities) have been confirmed in a remarkable manner. (1) That 
the cones are anatomically more highly developed rods has now been 
put beyond question by Ramon y Casau. It is natural therefore 
to think that the light-sensitive substance which they contain has 
also undergone development, and that too in the direction of greater 
specificity. (2) But following upon the discovery of WxEIGERT (the 
photochlorides) that a specific light-sensitive substance need not show 
colour to the human eye, Hrecur has proved that that in the cones 
actually is the same substance as that in the rods, save that it has 
undergone a ‘molecular rearrangement’’—the very phrase that I am 
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in the habit of using to characterize the change in the colour-molecule 
made necessary by the psychological considerations (the same final 
whiteness-sensation in the cones as in the rods, though due to a three- 
part mechanism). (3) Moreover nothing could be simpler, chemically, 
than this situation. In fact (as Dr. AcrrE has pointed out to me) 
there is a perfect analogy for it in a certain dye-stuff, a rosaniline 
carboxylate (no longer in practical use because it has been superseded 
by other less labile dyes). This is a substance such that (under proper 
conditions of light, heat and moisture), (a) hydrogen, chlorine and 
ethyl alcohol can either one of them be given off separately; but 
(6) when hydrogen and chlorine are given off together, they unite to 


(‘m= q ) mre > 
Red g 
* 
Fig. 84.—The cleavage products in the three stages of the colour sense. This dia- 
gram does not represent the entire light-sensitive molecule, but only the specific clea- 
vage products which, according to the Lapp-FRANKLIN theory, constitute the several 


nerve-excitants for the colour sensations (See Woopwortn’s Psychology). For other 
diagrams, see Psychological Review, 23:247, 1916; Zeitschrift f. Psychologie, Bd. 6, etc. 


form hydrochloric acid (analogue of the yellows) ; (c) when ethyl] alcohol 
and either hydrogen or chlorine are given off, they do not unite—they 
persist as mixtures (analogue of the blue-greens and the blue-reds) ; 
(d) when all three of these substances are given off at once they unite 
to form ethyl chloride (analogue of the three-part leucogenic nerve- 
excitant in the cones). In other words, the ethyl alcohol set free does 
not unite with either the hydrogen or the chlorine until after they 
have first united with each other, exactly as a ‘“‘blue’’ constituent in 
the retina does not chemically unite with either a “‘red”’ or a “green” 
constituent unless they have first united with each other to make 
yellow. Nothing could be more perfectly analogous to what is required 
for the phenomena of eolour-vision. 

In conclusion it must be kept in mind that no theory of colour- 
sensation is deserving of consideration which is not built upon, at 
once, (1) the fact discovered by THomas Youne (and magnificently 
confirmed in the laboratory of HeLmMHoLTz)—that three light-stimuli 
are sufficient, as a physical cause, to start up the retinal photo-chemical 
processes: (2) the apparently contradictory fact that nevertheless the 

°Figure 83 and 84 are reproduced in color facing page 385. 
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sensations are five in number—yellow and white have been somehow 
added; (3) the very illuminating fact that the order of development 
of the colour sense can be made to account fully for this anomaly and 
also for (4) the disappearance of the red-greens (and of the yellow- 
blues) and the appearance in their stead of yellow (and of white). Any 
proposed theory should be subjected to the test: does it meet all of 
these “minimal requirements’? (See Journ. Opt. Soc. Amer., etc., 
7, pp. 66-68.) 

‘A fuller account of the Development Theory of Colour Sensation 
will be foundin: Zft. f. Psychologie, 4, 1892; Dictionary of Philosophy 
and Psychology; American Cyclopedia of Ophthalmology, 1913; the 
Psychological Review, XXIII, 1916 and XXIX, 1922; Mind, 1892, 
1893; and Science, XXII, pp. 18, 19. In the last two places I have 
discussed its fundamental difference from the theory of DoNnpDERs. 
My theory has been taken over by ScHENCK without due acknowledg- 
ment, as has been pointed out for me by v. BriickE (Zentralbl. f. 
Physiologie, 1905). ScHENcK, however, failed completely to see all that 
my theory accounts for: he felt, himself, no necessity for explaining 
(he was not a psychologist) what I explain very simply in the light of 
development: namely, the reversion of what we should see as the red- 
greens and the yellow-blues to the primitive sensations, yellow and 
white. 
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The treatise begins with a careful anatomical 
description of the eye. The main body of the 
text is divided into three general categories: 
the dioptrics of the eye, the sensations of 
vision, and the perceptions of vision. Par- 
ticular topics considered under these main 
headings are: optical imagery in a system of 
spherical refracting surfaces; blur circles on 
the retina; chromatic aberration in the vari- 
ous means by which the organ of sight is 
stimulated; sensations excited by luminous 
radiation; simple and compound colors; dura- 
tion of sensation of light; eye movements; 
the monocular field of vision; direction of 
vision; perception of depth; binocular vision; 
and many other highly important topics. 
Appendixes cover later findings on optical 
imagery, refraction, the mechanism of accom- 
modation, ophthalmoscopy, adaptation of the 
eye for different light intensities, twilight 
vision, normal and anomalous color systems, 
nature of the color sensations, spatial con- 
figuration in vision; the theory of binocular 
instruments, and other related matters. 
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